12 United States Patent
Onda

US008819289B2

US 8,819,289 B2
Aug. 26, 2014

(10) Patent No.:
45) Date of Patent:

(54) SATELLITE ORBIT DATA COMPRESSING
METHOD, SATELLITE ORBIT DATA
PROVIDING METHOD, SATELLITE ORBIT
DATA DECOMPRESSING METHOD, AND
DATA COMPRESSING DEVICE

(75) Inventor: Kenji Onda, Nagano (JP)

(73) Assignee: Seiko Epson Corporation, Tokyo (JP)

( *) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 173 days.

(21)  Appl. No.: 12/631,969

(22) Filed: Dec. 7, 2009
(65) Prior Publication Data
US 2010/0164800 Al Jul. 1, 2010
(30) Foreign Application Priority Data
Dec. 29,2008  (IP) ovveeeiiiie, 2008-3357350
(51) Int.CL
GO6Il 15/16 (2006.01)
GOIS 19/05 (2010.01)
GOIS 19/27 (2010.01)
GOIS 19/25 (2010.01)
(52) U.S. CL
CPC ..o, G018 19/05 (2013.01); GOL1S 19/27
(2013.01); G018 19258 (2013.01)
USPC i, 7097247, 709/2377;, '709/250
(58) Field of Classification Search
None

See application file for complete search history.

SV SV2
..

(56) References Cited
U.S. PATENT DOCUMENTS

4,918,609 A * 4/1990 Yamawaki .................... 701/478
7,720,601 B2* 5/2010 Zhaoetal. .................... 701/478
7,907,784 B2* 3/2011 Gladkovaetal. ............. 382/232
7,920,590 B2* 4/2011 Leetal. ......ccooooeeeiinnnnn, 370/467
2002/0188403 Al 12/2002 LaMance et al.
2004/0008650 Al* 12004 Leetal. ......ccooooeeeeiinn, 370/338

2005/0212700 Al
2007/0299609 Al
2010/0164800 Al*

9/2005 Diggelen et al.
12/2007 Garin et al.
7/2010 Onda ....................... 342/357.15

FOREIGN PATENT DOCUMENTS

JP 07-121391 A 5/1995

JP 2000-333019 A 11/2000

JP 2008-003092 A 1/2008
OTHER PUBLICATIONS

3GPP TSG-GERAN Meeting #34; S1IRF Technology, Global Locate,
Nokia-Siemens, Motorola, Nokia, Alcatel-Lucent, RIM, AT&T;
A-GNSS, Orbit extension; ttp://www.3gpp.org/ftp/tsg_ geran/

TSG__GERAN/GERAN_ 34 Shenzhen/Docs/; May 2007.
* cited by examiner

Primary Examiner — Viet Vu
Assistant Examiner — Keyvan Emdadi

(74) Attorney, Agent, or Firm — Global IP Counselors, LLP

(57) ABSTRACT

A satellite orbit data compressing method includes: determin-
ing a compression method of a parameter value on the basis of
a variation tendency of the parameter value 1n an orbit model
approximating a satellite orbit; and calculating a compressed
parameter value by reducing a bit sequence representing the
parameter value using the determined compression method.

6 Claims, 25 Drawing Sheets

S

SV Sv2 SV3

5

HoH HOH

N

4

T

EXTERNAL | 2
SYSTEM

SERVER | -3
SYSTEM

s



U.S. Patent Aug. 26, 2014 Sheet 1 of 25 US 8,819,289 B2

SV SV2
- — ' N
SV1 SV V

2 SV3 SV4 = e
| EXTERNAL 2
SYSTEM
4 3

SERVER
SYSTEM
MOBILE /
PHONE

4

FI1G. 1



US 8,819,289 B2

Sheet 2 of 25

Aug. 26, 2014

U.S. Patent

¢ Ol

SId3WN3Hd3 d3.10103dd Wd31L-ONO'T

d41dAVaVd ANOOSS CNS
dd1JNVEVd LSdl4

d313dWNVEVYd ANODJS
d31JANVEYd 1Sdl4

W[ Te[e] ]
|
2 R

Nd311Vd NOILVIFVA
1VdO0dNGL 40 NOILYNINGSF 130

QOHL13IW NOISSIHdINOD 4O NOILDF13S

AN VA a4LdWVEVd A4SSAHdINOD



U.S. Patent Aug. 26, 2014 Sheet 3 of 25 US 8,819,289 B2

Y SV1
% 105 OFFSET OF SATELLITE CLOCK ag
3885 .................................................................................................................................................
3.88 [ fererenneesranssaissonns eeeeerseesessnssssereedhorsassosssnsnnnnessans TN S AU
T ;T UGS RSOOSR OOV SOURRUSISSEIE SOOI U000 SR
3.87 [roreeeemeeenieennie fresostonsatintotsavannes b ensarassenssucevassssnndronsnnsnsnsensssngglene Heeverernravasessnnnean S
PARAMETER ‘ ‘ ‘
VALUE ; ; e ; g E
3'865 *.'. ,..‘. ....................... .:
3,86 """""""""""" femmrotomannntatniacas fecasnuiassrencennnoaas desessnsseasncsrssnrasans frrmvrrrnnrrnsirarasenans Pamessaremisvensonanoone
3855 ..............................................................................................................................................
3.85
0 3] 10 15 20 25 30

PREDICTION PERIOD

TEMPORAL VARIATION PATTERN = LINEAR VARIATION
— COMPRESSION METHOD FOR LINEAR VARIATION

FIG. 3



U.S. Patent Aug. 26, 2014 Sheet 4 of 25 US 8,819,289 B2

ORBIT INCLINATION ANGLE ig
X 108
67744 ..,...,..-....... ...................................................
AL 5 E—— foreresessserronssanrsases R R .= ......................... foverrmrirnsenscnagann
B 7743 | eerirermrremiiereeecrsstisontmemrasdrsemsesasse e sessseendrassssssensessnsssessens beseerassossensessessenes bvoressoecsaofesescnsennd
:
B.7742 b e b e e
: : : : : :
67742 [-eeemereneeneens 1 ......................... , ......................... 1 ......................... 1 ......................... .;. ..................... ..
PARAMETER E i E a s :
: : : : : :
VALUE
67741 ............... - ......: ...............................................
6.7741 ......................... feradrertivsurerenanrnsandossesssnsrnrrivunrsssnnsadisssrsrsrsssraneraransaneterratsnrsarnnsranfenntstrihitresttsacesvetitirennes
AL N —— HevrveranrscensserNoosee froneneraarenseseersnasonse fieessaesssnesarassonnane L RTRO ASRR bereeeeeevenaneenenes )
B 774 Lo et e e T e b e b
6.7739
0 D 10 15 20 25 30

TEMPORAL VARIATION PATTERN = QUADRATIC-CURVE VARIATION
— COMPRESSION METHOD FOR QUADRATIC-CURVE VARIATION

FIG. 4



U.S. Patent Aug. 26, 2014 Sheet 5 of 25 US 8,819,289 B2

#SV1
LONG ORBIT RADIUS a
X 10°
Ll At A e ——— .E
_1_593 ....................... T PO deensrarenrarsrresransare dorerererssserannrnresenn dreveresrearevesssennnnes ¢E
1593 b NN b NS
PARAMETER _ 1N j
VALUE 1593 ._. HEINRIE L B B
ol 11 K I TSSO TTPROIS SOSRRTITIPPRICTIN SONPS0% RY WOTVS Y SUUON YN SOUU% NUY NUMIS O 00 9% I SSPION | ROUIOTOS SrRIIRIveen
—1 593 ...................................................................... T | | S —
-1.993
0 S 10 15 20 25 30

PREDICTION PERIOD

TEMPORAL VARIATION PATTERN = PERIODIC VARIATION
— COMPRESSION METHOD FOR PERIODIC VARIATION

FIG. 5



U.S. Patent Aug. 26, 2014 Sheet 6 of 25 US 8,819,289 B2

MEAN ANOMALY Mg

PARAMETER o | L L1 LL LT
VALUE ‘

0 5 10 15 20 25 30
PREDICTION PERIOD

TEMPORAL VARIATION PATTERN = SAW-TOOTH VARIATION
— COMPRESSION METHOD FOR SAW-TOOTH VARIATION

FI1G. 6



U.S. Patent Aug. 26, 2014 Sheet 7 of 25 US 8,819,289 B2

Y SV1
RIGHT ASCENSION OF ASCENDING NODE €
X 10°
[ pueereesessesn et eeste AR ARR 88088 AR R RS 44 RAR 4  E RR A RRR RS A RSSO0
_1 '31 ......................... Borarsorrivarnmeee e T P Y T TP r Tty « = « # 5.¢ 5 ¢ 43 £ 458 05 b4 02 fronvecmsornenneerscosrosdrisansavercocrerrrrrrrrsss i
_1 .32 .......................... Joavercssssserrnsaporanne drevssrevaverrenssnnnsynre FIRTRR P fermeverssnmararersrrasssRurrsrunsanssanitorrrtionns 3
_*1‘33 ......................... prvesscssesncnrnrnrsscans Wresrivarsresnrrarrinarens A fecusercevasnucnavenasnas dsevvenacacoceecnreraerrs i
—1.34 ......................... ’ ------------------------ + ------------------------ 1 ----------------------- ' ------------------------------------------------- {
PARAMETER | 25
— ady) [eonerrnesreresccsencsness ! ------------------------ -Ei- ------------------------ ! nnnnnnnnnnnnnnnnnnnnnnn ! ------------------------ ? ------------------------ {.
VALUE
—1 36 boeeerremeerremirene S S L OO S Eeereeeerenee e ;
1Y 2 SO, SO, N I S SOOI :
S I T 5 P eveeeerreersnensnnnns Erervrererereenssonnens NI R D veeerereserererearanassbensararessenesesesetans ;
139 b e e R N e e :
~1.4
0 9 10 15 20 25 30

PREDICTION PERIOD

TEMPORAL VARIATION PATTERN = STEP-LIKE VARIATION
— COMPRESSION METHOD FOR STEP-LIKE VARIATION

F1G. 7



U.S. Patent Aug. 26, 2014 Sheet 8 of 25 US 8,819,289 B2

Y PREDICTED SATELLITE CALENDAR P1

ECCENTRICITY e
1.8148

1_ iiiiiiiiiiiiiiiiiiiii '\ llllllllllllllllllll 'III'I iiiiiiiiiiiiiiiiiiiii r iiiiiiiiiiiiiiiiiiiii ' lllllllllllllllllllll 1 iiiiiiiiiiiiiiiiiiiii 1
] * L] [ ] ¥ )
k L
] ]
] ]
¥ k ¥ ]
: : : : :
] ] t ] ] & :-
L] ¥ * | [ ¥ ]
] ] ¥ ] ] [ ] ]
¥ [ ¥ ] ¥ ¥ ]
L] L] | ] ¥ ] L
11--1-'-1-1'-#'1-'-ll"":-l" A li'*--i:*h'l*--'-*t*'#vv-l*'#'T*ii*#i*r*ii i-#ril*tn*ri L LA T ERLES LR L L LR R T -':' tttttttttttttttttttttttttttttttttttttttttttt
L ]
] * [} ] ] * * (]
¥ a 1 ¥ ¥ * ]
» ] 1 ] ] ¥ )
] ¥ [ ] ] |
[ ] [ | & i ] L
] [ ] ] ] L 1
] L | ¥ ¥ L] 1
] L | [ ] ] ] ]
] : 1 ) ) ) ]
[ 1 [ ] ] | ] [
: : : ] ] ] ]
&
LR L BN N LF L AR L A L &L BN L 8 L ELLERSEZLESRES..LERLESLSELERSRESRTLLERE) LE A & 1 3 EREER JRERER " LAELIBELEIEERSERRRSE ERIRE R IR NFRE N I'III'IIIII-III-F:.III'I'I'IIIIIIII'I'III'I'I i.l.d“illllllilt.-i----.;\-p;
& [ [ ] | | ] L] |}
[ ] ] 1 [ ] ¥ ¥ ]
¥ ¥ [ | | * ¥ ]
] L] i ] L] 4 )
] ] ] ] [} L ]
¥ ¥ 1 | ] ¥ B
¥ | ] L]
] ¥ 1 L]
¥ 1 ] ]
i [ ¥ ¥
) ) [ | ] ] ]
(] | | ] ]
1 -------------------- 1 lllllllllllllllllllll l:l llllllllllllllllll r- lllllllllllllllllllll l' --------------------- Jrrsarrrevacrunnraners 1
[ [ | [ | ] ] ]
1 [ [} ] [
¥ | ] ] ¥
) ¥ | | * *
4 ] | ] L ]
] ] ¥ ¥
) ] ] ¥
L) ] 4 [ ]
] i L ]
¥ ] ¥ ]

1 8146 .... ..................
PARAMETER

] ] ] '
] ] ] ] ] '
H H H H H -
¥ ¥ ¥ [} [}
H H H - H
" . N M 5 M
] ] ) ] ] [ ]
L L ] ] ]
] & ] ] [
H . " H H
[ ) ) ] [ ]
5 fesnvererserresnnrrans Eviavireseracsrreran Savvrnarsrarnasaronran s Norsennenaassanees L vcnsussvurensoessans Devvesnenvrvevesasevay :
- ] 4 » ’
] ] [] [ -
L ¥ | | [}
] ] ] B
" . " H
¥ ] ) ]
¥ | ) ]
] ] ] [
4 ] ) ]
¥ | ] ]
] ] i [
[} [ ] [
t iiiiiiiiiiiiiiiiiiiii 1 iiiiiiiiiiiiiiiiiiiii -l:l- ttttttttttttttttttttt } tttttttttttttttttt t --------------------- 1 --------------------- 1
* ] ¥ ] ¥
# M H H
¥ ¥ ] [}
] ] ] i
* M N
» ' "
k ¥ |
b M M
[ ] ]
» H "

L ] L ¥
L ¥ ] *
L ] ] ]
] ] ] ]
¥ L] L] [ ]
¥ [ ] ] ] ] ] ]
¥ ¥ ] ] ] ] E ]
iIlllliﬁiliititlili'ﬂ:iiill'lil.l*ll'li"l'?l'ili I AR R NERREERER 3 JREE I JRJIIJN IR NSRRI S AR NI REN TN RT R R NN SRR SRR LS RERE T B8 A FJIENFERELETITEAREEJRIEN FEANENE R NS RRE TN L FER
u L] L n L |
* ] ]
] ]
] ]
] ]

: E : : :
: : : : :
¥ ¥ ¥ ¥

18144 ferennmrenareasaannens .; ..................... eeerssasnniannaarenas !. ..................... freseronnrarareoenans .= ................... i
| ] ]

1.8143 l —

0 2 4 6 8 10 12 14
PREDICTION PERIOD

FIG. 8

w PREDICTED SATELLITE CALENDAR P2

ECCENTRICITY e
1 8126 x10° |

1 iiiiiiiiiiiiiiiiiiiii l.. ..................... T .......................................... 1 ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ 1 lllllllllllllllllllll ‘
¥ B [ | ¥ ] L]
¥ ¥ ] ]
] ] ] [}
* a ]
* ] |
* [ ] ]
* ¥ [
* [ ] ¥ ] 3 ¥
* ] L] ] ¥ ¥
L ] L] ] L] ]
¥ ] L] | L ] ]
¥ ] ¥ ¥ [ ] ]
] ] | * ] ]
» ]
lllllllllllllllllll 1IIriirililiilliI!ltll':IillllllllIlli'l'l'i"'l"'l't'll'r'l"li"tl'l'-lll-l'-llliltlill-'!'l"ll'tllll'l'll'iillii*tﬁ;ltilliilriliill'llllll'lr[Ilrilrltrltltit.n--l-
] h r 1Y * [ ]
) F ¥ ¥ ¥ 1
] [ ] 1 | ]
¥ ] L] ] ¥ ]
¥ [ ] ¥ ¥ ¥ L)
] [ ] ] ¥ [
k ¥ ¥ ) I
[ ] L] [ [ ] B
¥ ¥ ¥ ¥ ]
L L] L} ] L]
¥ ] ¥ ¥ [ ] L ]
r k ¥ ¥ ]
¥ F L] ¥ ]
:::: ¥ " &

1 81 I-'IIIII-""I.I"I'I'.'"'I'-..".- li--Iit-iiitt!lillliltllltltllliI-t'lll-litiTllillliittititrtt-tltrlltllI:i-l-Illllittttitttt-i-.i.---ll-.-ll-l-tl-ttl-i' ....................
& ¥ ¥ ¥ ) & ]
] ] 4 ] L ]
¥ ¥ ¥ ] ¥
¥ L] ] ] ¥
[ ] ¥ ¥ [ ]

[ ] : ¥ ¥ ] :
¥ L] ] [ ] ¥
) ] ] ¥ ¥
] | ] i [ ]
¥ L] ] ¥
¥ ¥
¥ ¥ : ¥ ¥
1 81 2 ttttttttttttttttttttt { ttttttttttttttttttt { --------------------- -:- --------------------- I- ttttttttttttttttttttt " ttttttttttttttttttttt fasvnivinsvarnrananren 1
L] ]
L * L g [ ] *
¥ ¥ ¥ ¥ ¥ ¥
¥ ¥ ¥ *
¥ ¥ ¥ ] ¥
] L | ] L ]
B k ] ¥ L
¥ ¥ L] B Ld
| ] ] | ] [ ] ]
¥ ¥ ¥ ] ¥
¥ ¥ L] ] ]
F [ ] ¥
[ ¥+ ] ]

b A 4

¥ L}
B i
¥ ]
[} L}
+ ] 1
i L]
[ FEYERR SR NT LT R IR AN T RS LR LS REL N LA EIER R LR TEELESLIELETIENENE RS "B L ELERE SN RERENSELNELSS.) (AN E R E AL ERSE LEELLLELENENSNER LN LRELLESEL SRS LLELELLLERERNELLELR. FrP e S EEER
| ] L] ] ] 1 ]
¥ 3 | ] * ] L] L]
] ] | ] ¥ ¥ ] L]
] ] ¥ ] [
¥ L
¥ r
¥
¥
F

]

L] ]
L] ¥ [ ] I 1
] ] r " "
¥ ] ¥ ¥ ] N
& ] L] ] 1 u
¥ ¥ ¥ ] ¥
¥ ] ¥ ¥ ¥ ]
] ] ] ¥ ] ]
) ] ) ¥ " "
| ] | J L ] [ ] b
’ * 1 # _ )
--------------------- ti#itiﬁvltﬂﬁﬁhﬁﬁtiiit# wr---pu-r-nrfu-r-u-qr-:--ur--ur-q-qn-rn-n-"--r-----------------"r-:---u-------*--"--n .1--H--u¥"u-"uul"
[ ] [ ] [ ] 4 ] | |
¥ : L] ¥ ] N
¥ ¥ ¥ ¥ ¥
[ ] 1 ] ] ]
¥ * ¥ ¥ ¥ "
: ' : : ‘ :
[ ] * ] ] & N
¥ [ ] ¥ ] 1
¥ L L] ] 1
[ § [ ] ¥ " L
» 1) | ]
[} ] ¥ ¥ L]
‘l 8 ‘l 4 ..................... fasassensncsaseranance JraevsaNsvicerasearss R buveraansusvuvssmvnnns T S—— S 4
[} L ] r L ] ] 1
¥ ¥ ¥ ] L]
|} L 3 L ] T
[ : ¥ ¥ ¥ N
] ] n T "
[ L ] ¥ [ ] L]
¥ ] ¥ [ ] ¥ ]
L L 4 ] i *
¥ * ¥ ] & ¥
* * " " N ¢
[ L 4 L N ¥ ]
[ ] [ ] ] ]
¥ ¥ 1 ¥
:! ¥ ¥ L] ¥ ]
1 81 1 L 2 N I L AR N BT N R RS A8 N L N R L L N N L LR A RL L1 LL B R JLERINLLELAEN AL BRLNEESNLLL.] e " E I I AR RETREYENE PRI RYE CREARI NI R ARLEERIEA R LT R A RSN LR T NIRRT SRR B ANTREE AN A LN RIEENIY REN R ]
¥ L] L
. H " '
¥ i *
¥ " *
[ ] L 4 ¥ ]
]  J n #
) » L ]
] * L] ¥
4 ] ]
L] + ]
] " ) +

0 2 4 6 8 10 12 14
PREDICTION PERIOD

FIG. 9



U.S. Patent Aug. 26, 2014 Sheet 9 of 25 US 8,819,289 B2

w PREDICTION TIME: 12 HOURS

] ] [ ] » N
¥ | ]
4 i i
L] - » B
L ¥ ¥ | [ ] |
¥ ¥ [
¥ [ ] L] a
1 ] ] ] ] ¥
¥ 7 ¥ ] 1 ¥
' . ' H ) :
[ ] ¥
L 4 ]
: ' : ] :
¥ A ¥
6 38 'Il'l"lil'lli.il"":'ill'lliiﬁi"iilril'r“ii#iillni'#ilii!iit#'l'ilii!' LEIE R AR R RIER X AT RERE R LA AR RIS R RS RR SIS IR ER Y] ‘I-..:-.".'..-'-.1."'.-."-:
* ) 1 ¥ ]
* ¥ ¥ 3 ¥
L 4 -
¥ 1 ¥ ] L
1 L] ’ *
¥ 1 B L
¥ ] ] L]
* 4 1 ] L]
¥ & [ ¥ ¥
] r L [} ¥
L] ¥ [] a
1 [ ] ]
H ¥ | 3 [} ]
i L] ] [ ]
6 03 i llllllllllllllllllll 1---"-'!1-liiii'illiihﬁ.l.tnlillitllill- -ii-t'll:l ttttttttttttttttttttt .I'Il-ll-ll-llil-il-'-l-l-'iq-tlh#-llllq--il--il-—-"'uiu-i--iu-i-l" iiiiiiiiiiiiiiiiii -
]
¥ e ¥ ] " "
a L3 " [}
¥ [ ] [ | [}
™ ™ » ¥
¥ ¥ ¥ 1
¥ [ ] ] 1
L] B ] -
4 ¥ [ ] ¥
¥ [ ] ] ¥
] * ]
L] ¥ [ ]
¥ ) ]
L r [ ]
SR [ —— beeereniserersasnsen dvovnnflnrrerrernnres | yevessransoasereranse reesssseisassssransen Eeeerernarammassnrens feeamsocnsasasansonsen '
¥ ¥ ] ¥ 1 ¥
[ ] ¥ ¥
[ ] ¥ ¥ ]
¥ ¥ ] ¥
1 1 1 ]
- [ E] -
1 | 4 1 ¥
* 1 ] ]
» 1] [}
¥ L i ¥
* ¥ ¥ ¥ ¥
r ] L) r r
6 035 : . : . '
¥ L] & 1 L
CER B BE & B RN AR L LES LN NI BRLENRNEDR.S:SNREERREERJN) e b Bl A AR LR L L LA R NERS A, B0 N8 L ERLERNSLELRRERILRESE.S.SS LRLENERENLELLELLELMNRLEENLERSESENNERESELELLLLELRLE AN LANEIRLLILELELE R AR ] N ]
¥ ¥ | 4 1 * ¥ [ ]
[] | [ ] L a1 [ ] *
[ ] 1 L] L] ¥ ¥ ¥
¥ [ | & ] . ¥ *
[ ] [ | ¥ [ [ ] ] »
¥ [ ] k L] r ¥ L]
] [ | i L] ' [ ] ¥
[} ] L] ] E [ &
[ ] [ | | [ ] " ¥ ¥
¥ ] ¥ ¥ ¥
B L4 Ll -
1 ¥ E 1 ] 1
] 1 ¥ ] L) 1 :
T ]
6 034 ----------------------------------------- B R R g e T Y TR -ﬂiptfjﬂ*\ﬁpﬁt'tn\tq-niln: ------------------------------------------ 1.#-..-&**-------;.--;1
1 ] : L
¥ ] L ¥
[ ] ¥ ]
¥ ¥
| ]
] ] ]
¥ ¥ [ ]
[ ] [ ] L | ¥
] ]
| ¥ 1
[ ] B’ ¥ [ ]
] L
[ ] [ | ¥ ¥
..................... {- ..................4.......-....-...-...-.i.-..-....-..........-;.--...-.............-}..-....-..-..----....|................-...-{
+ [ ] ¥ ] ¥ [ §
¥ 1 T ¥ ¥
] [ L ] L
¥ ¥ : ¥
¥ ) 1
] i [ L ]
] | [ ] L] '}
[ ] [ ] [ ]
] L L) 1 ]
i '} L | '}
9 i [ L]
¥ ] 4
| ] [ : ¥ 1
:! [ ] L]
6 03 Y R AR R RE NV TN LB IR ETRER LA T I R LY B 2 RS R RE  J A0 IITITR RS JREIARIE S TXTRRRIR ALY R LIERRRRRAEARER RERRRELNERELELEERNSRESRERIERERILIESARINIERIELIREERELIESERSEREDRNNELLJIERDSENEDRSLLES
¥ ¥ ¥
t ! ] r L] I
¥ ¥ ¥
| 1 » *
1 1 L]
| ] ] ¥
L ] [ ] [ ]
¥ 1 "
L 1
a )
¥ [ ]

PREDICTION PERIOD

FIG.10

% PREDICTION TIME: 4 HOURS
ECCENTRICITY e

iiiiiiiiiiiiiiii tiliiiilli!l.l'ii"il Il---.i----.i-|q--.*i-i.-l«i.-iIiiilliilrlI-i-il-llI-l-lii-llII-‘iI-I-I-'iIl-ll-I'I-l-l-'l-I‘I.l-l-i-l-I'I-I-'I«il-l-ii"rllllil!l-'ililllti (L K L LK N3] 'i"lll"‘
] ¥ ¥ A i k 4 ]
1 ] ] r r
] ] | ¥ *
] :. ‘ : : :
¥
) ¥ ] ) 1
- L] [ 1 ]
¥ ¥ 1 B *
" " 1 I I "
] 4 [] : :
6 039 """"""""""""" "i"'.'.""""; iiiiiiiiiiiiiiii 4I"I....II'I'.II".""* i1 B R L llqlll-l-l-ll-i-lq.l iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
Ll
" : : 1 1 ¥
: : :
] ] 1 ) 1
: : H :
1 ] L]
A : ; 3 ‘ 3
¥ ] :
6 0 8 -.‘-.-._..-'.-.-...-.-........-".-,..-,*.*.‘*..'.b.':-..-l...--"..'-;'--‘.' R -F*: .......................................... r IIII‘I.I‘I‘.."I:‘ --------------
:; ¥ | ]
ol * " '
3 i 3
] L) L)
] r r
: : :
H ¥
¥
[ ]
6 03 ---------------- '. ---------------- -t iiiiiiiiiiii + --------- i iiiiiiiiiiiiii 1 iiiiiiiiiiiiiiii + tttttttttttttttt * --------- I' -------------- -{
¥
/ ) :
1 1
[ ]
]
¥
b
]

-
L ]
-
[ ]
a
-
*
L |
"
[ ]
]
M
[ ]
[ ]
-
]
i
L
»
M
]
|
l-
»
L
]
L4
L
L
]
™
]
]
L}
iy
L}
]
]
4
|
4
|
|
[ |
|
|
[ |
L |
]
[ ]
[ ]
"
i
]
]
[ ]
]
L )
[ ]
[ ]

e o
L}
]
L |
]
]
™
4
]
[ ]
]
¥
[ ]
|
]
L}
|
alka
1
|
i
[ |
| |
|
|
[ ]
*
[ ]
[ ]
"
-
[ ]
¥
L 4
[ ]
L]
]
]
»
M
]
]
*
»
.
E )
-
1
L ]
)

e
[ |
a
]
]
x
]
]
'
|
[ ]
¥
L 3
*
|
»
-
-
¥
*
r
]
:
-’
v
]
r
T
L
]
iy

T ¥ & ] L] 1 ]
1 ¥ ¥ L ]
" ] & [ ] ] | [ ] ¥
= ¥ 3 1 ¥ 1 ¥ +
B ¥ + E ] L] 1  } [ ]
a 4 - A ] 1 ¥ =
] ¥ ] ¥ 1 ¥
i ' * * * I " ¥
n ¥ L * 1 [ &+
1 ¥ ¥ ¥ | ¥ ¥
] 1 ¥ ] 1 4 L]
XL R RN RN R RN R N N R K ] * o v -'-i‘*ji-'i--.-.i*--.--..-..'.y‘-.q"‘q'd‘q-‘qﬁ-i#h-l‘-**ﬁiii*illﬁllhIT ---------------- ;---------i-lﬂ.ii: iiiiiiiiiiiiiiiii
" : 4 1 ¥ 3
1 L 1 ] ¥
| L | ] : :- :
]
s : I L 1 1 L)
¥ ¥ * * a
- ] ] 1 ¥
1 L] * ¥ )
] 1 1 L) 1
] & L] » a
6 034 asappanppanpaaamvraslfsawwram L] w Ibi1l‘llllllIII'l-'l'll*F-'-'-‘lf'l'"l-Il".‘-‘.il‘"-ﬂ‘ﬁ""‘l-"F.."----'--"-ii‘.liTfiiiiiﬂ'"i'F‘Ii"":_‘l'-"-l'-"-'---: iiiiiiiiiiiiiiiii
¥ : : ' [ *
| ] ¥ L |
: * : : :
¥ L)
t L] *
B H : t ¥ ¥ 1
] " : : L
L]
! ] . " ¥ H H
- ) * ' . »
6 033 iiiiiiiiiiiiiii l * { iiiiiiiiiiiiiiii + ................ . ''''''''''''''' { iiiiiiiiiiiiiii + llllllllllllllll *it!'r'iririi“li‘ iiiiiiiiiiiiiiii i
1 [ ]
' ' ' ' H ‘ H :
] B L ] 4 [ L
L | ] ¥ I ¥ L ¥
] [ ] L ] ] * ] [ ]
. . : » M v
¥ 1 ] »
1 ] ) 1 I 1 ]
[ ] ] L] ¥ L ]
¥ ] B ¥ » ¥
6 03 ....... } '''''''''''' : -------------- +.'-‘"-‘"j-.i’..-.'r .............. 4'---_'-fiv.ff-..* ............... 5. ------------ ; ---------------- i
2 ]
F : ! : : : :
*
H : 1 1 1
» L] L 1
¥ ] i
] I 1 1 4
] L] L ¥
] B ]
3 H H H
6 0 1 LT TN NN l"l..'-|.".‘I'j'.j‘-l‘-'lqi-l'."'.--'*i“--."-'-']'.‘l.;.'lilII"I‘I‘I-'II"I-.'-.‘I--‘--‘l‘.'-'-‘.-"‘.'l"."".: iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
]
* [ ]
H 4 H 3
]
) : :
' ; : \

0 5 i0 15 20 25 30 35 40 45
PREDICTION PERIOD

F1G.11



U.S. Patent

Aug. 26, 2014

wSV23

PARAMETER
VALUE

W 7
4.502 10

L A B N B L B NEREN LB N J 8 NE_JNBL LENERERENNJLRLALKELS.LELNER.SS.)

4.9

-.f'-""iﬂﬂiﬁﬁﬁﬁiﬁfﬂﬁ

4.498

'*****'**"***r-‘ﬁi**ﬁ-4++!++1r14+|4+1+1+*l.

YT TR AT ER LY Ty R N .

4.496

LA Ak L BT YL L
EE o N LN

4.494

LA AL B B b L L L L.§ | } J

l*t.-*lhtlllilillt#!i‘li.llllii*tlniili-ll*
1

4.492

-----}-'---4-*'44

L]
4
.
+
L
L]
+---

mwugdimmrirbrsryryryigrer iy frrresipgpgr

4.49

"-."*-l-‘-.--l-.-'-'

awvwrrawvwrivravasrdmam L] LR R L R NN L N R R L ]

4,488

ettt i ———

YT Y LI T LT L L.

4.486

-
N
o

*i'*ii'l'-*ilrﬁﬁﬁIili{*hii*if'ii-'i"--t'iiii?ii*#iii*iifliitii*iiPfi'it!i#'.#lIIII'..II

LR LA ERER RRERLERENRSENEENR LEREERLLERE S RENLESLESRL EERELENLE L ELLEL LY REL _RJ3. 1)

el kbbkby

LA R AN A LR AR AR L LLE B8 L )

R e N A R o R A e

Sheet 10 of 25

ECCENTRICITY e

IEEJERLLEEELELE R L N.LL

LA L B L L L L L b L L L R

"'f"""fi'ﬂ""'i""1'*"""""'.'.‘

e ¥ F -m o

6 8
PREDICTION PERIOD

FI1G.12

W SV29

PARAMETER
VALUE

X 107

"**.'.|-....-.r*-*hﬁ‘ﬁhﬁqﬁﬁfﬁqﬁtq-.-*1.-i*ﬂ*-l'---|--*--‘--*-p--qr;.**-p-'lqﬁqllﬁilllllfll..I!IIlIi.t--tirﬁihI-#iiiilII!lIH#iliitﬂl‘il!#itllﬁilihlhitihﬁi‘
| ¥ ] 1
» * ¥ ¥ '
] ¥ ] L]
¥ L] L 1
* [ | ] ]
. ) ] 1
a ) ] ]
- + i ]
' ) ] L]
¥ ¥ ¥ 1
¥ [} ¥ L]
L] ¥ ] ]
‘ ‘ , i

:} .1 [:'(3“55 "liil.ll'lIIIII'I]II;I'.IIIIIIII!lIIIII'i'ﬂ"* LR L LENRIENNEL.JHN] i;-rhrlhriiillii#itlilﬁiriitli“lI'IFtI-#--"' EEETASSETEAAEEEEFEEES F TSI FEFTERFFETFER Y EE "N

] ] L]
¥ k ¥ ]
b ]
¥ ]
) ]
" L]
]
]
L)
]
]
[
]
L]

[E T ELT T RN TR RN RN RIS R 2 RN LAR DL, LA L R LR B

3.106

enpaprprssrererant e rwasAsRRRey
'14444444'444‘}-44#44

iy

ii‘l1#.iliﬂ.ihiii‘il.{'-tllﬁﬁ L LER R LR N LR

3.1009

AAsFEFFFIESFE+FdamFrE A padwbaawdgddipgg i

3.105

-n-114#1---=¢n-1411-11411
]
a

I AR L LLIRERILENLEJLELEDE Y]

R 1§ Lo F—

44*-‘414*4‘##-’###4-#*4r-w-'415444-"+l'-‘44

LR LR N LR N L RN RELRE L3 & §NJ§.|

N

3.104 |

LA LR LEARRLLALERLELLLSR...]

3 1035 |- frereene

A i e e L e  a le a  ea

- - - 'H-"'-' A - - -

3.103

N
=

0

LA L R J S RLE L RLLELELENE]

ECCENTRICITY e

FREFFPFEEE R EARR

L
| ]
¥
¥
i
¥
¥
]
sl
] [ ]
¥ 1
¥ L]
] [
] L]
¥ 1
¥ L]
¥ L]
] [ ]
¥ ]
[ ] 1
L L]
] L}
[ ] L)
tniilll!lliilllltiIllﬁ*lilllllilltlliiilil }!ltlilil'li!lllliﬂlll
L ] L]
]
]
L]
]
] |
1 |
L} 1
L] L]
q 1
¥ ]
| ] L}
: :
I FE NI ERTR IR REFRELINREL " SNRIE RS LIS LI LIRRTREELEL S REL L LELRLE LR LR LN L
¥ ]
L L]
¥ i
| ] ]
" L]
a 1
a L |
¥ |
| ] ]
] L]
¥ i
] i
¥ 1
L 3 n
Im}‘l.ll‘*-lijiljdlllrrl-IIIIEIIIIIIIlIIIHII-rIII‘I-‘-‘-lﬂl'I"- -
: |
|
L) 1
+ a
¥ ]
¥ |
| ] L]
L] 1
] ]
| ] L]
¥ L]
] L]
¥ ]
*iiihriilffiifrfif'liiH;lfl*tfl‘*l*'***i""-l}
[ ] L]
L} 5
] L]
| 1
[ ] L]
1 ]
] 1
] 1
] i
1] i
L} |
n L3
1 L
] ¥
LTI T TTRAR N AT SRR RN R " AR NIRRIRAERER ARSI R R TR RER RN A R NR N LARRHS..L.]
|
]
L]
]
]
¥
]
i
]
]
Y

L LI K I R

6 8
PREDICTION PERIOD

FIG.13

L ERXELEEEE LSRR LAREY R T

e A W A e e e B e e R R A o R ek ekl B W

L AL R LR LR LLAS LIRS AR ZSRENENL])

.i.*ﬁ**'*i**l#---lIl“*l#-l.ﬁ#ll-ﬁﬁﬂﬁﬁlﬁIl.‘#ﬂ*l*-*ﬂl‘1*'4***!‘#1ﬁ###'*l4#1I}*#i*lll'i.‘rl#ii]ihf-}ij‘f‘ill*‘f*l§-+i.q*...+.+..'i'."+f++i¢‘iijqdi*f..'.'.

] L] ]
L] L] .
¥ | ]
| | ]
L ] L] L]
L ] [ | ¥
i L] ¥
L] | L]
: ] ]
1 L]
i i ¥
] 1 E
L] i | §
li"I*Iilliillll!lillairlillli!litiiiiil|11111111ﬂlltliillti*iiiirl=
] ] L]
] * | 4
L] ) ] L
] 1 ]
: ] ]
L] L]
¥ ] ]
L ] L ] [}
= ] ]
¥ L] L]
: ¥ L}
] ]
E | ] ]
L ] ]
.'-‘l‘l--'-l-l'-ll-J-t“PII'-i-llllll"Iiilll?EIIIIHIEDII'I[.IF#IIE#:!!I
] ] i
L 1 B
| ] | ]
| [ ]
] ]
[ | |
L] ]
a L]
L |
L] i
) ]
L] ]
a ]
}III SfisEf U NEFEEEEEES
‘ ;
¥
] [ ]
|
|
] L]
| |
[ | ]
| |
) ]
] L]
) ]
1 ]
L )
(LA I TR AR RR RIS AR RLI YRR IRRITERET R I
1 ]
i |
I ]
]
¥ |
L]
1
& )
L] ]
¢ ]
L] ]
L] ]
¥ ]
r-----liillnibt---n-iqt-.-t-patuaitli¢4nr¢-¢-¢¢up.p*prq*qw

I TR TR R R T INA P TN FEFREERE TR T R FE A FRE PR L AR T A T T T T T YT pepeeyea——"w T Y

10

LI RN Y PRI R ETETELE FY By Eerr Fry re Frry e rs Tt P P TR R E R R E S T TN E RN BE LI L AR LERRELETIT RRENRLFYEN]

#f--*lliihtI!!-ff‘*fiﬂlIi'----'-i*'i'

LR L R L L L L L L EL RN LE L LLLLR.]

10

LA R LR AR LLENRE L. 2 LLERDY)

LI RN AR T RN RRE RN ER

LL A LE R L L LLERRENE 2 ERJLENE)

aswmmsvrhr¥kFriawsrerirfiirder

FANSJE AREREELLFEEE LSRN}

TR ENRRENEERELNNE J LN ERNLMN)

1424 FavidiraEayErraaa

US 8,819,289 B2

L L X LN T A o

FEIARFi R TP

L E BE B A NN JNNRSNERENDSSESE N]

I F RS I EEEEREESNTR B

LA R A B NN J 1L LNRNEEDNERLNILREN.]

LA L L AR L L L AL LERILIERELEJIEL]R.)

A ath sy ra T

LT EFR R RN N T NN NN R T o]

T LI Y L Y A Ly L N T N T TN T T L I T R T L T L S N T Tl I L T R L L A R T R TR R R T E T I E T L N T L T L T Y roerapryepregrapegeay Japrprepregepregnapegnegragrogeey e |

FrYF YT w Ty FL FY T ryy rw sy Eeyr T FweEyy Free Rl L N FOE R ARy e R Y R R R A A R R R T

vl
N
r—
I

LR R L R4 B RLNEJIERTERZBSHRLENLIHN.]

magiwpwwsauryniwsnsrew

FEFF EF A JETERE PR IR FRR Y

FETE FFTFEIETET

ooy m ey o ukowkom o wrewhrrd s s rvsruw

PR e S T TR A R BT O R R R R L N O R R R N R R R E S R L T R L R R D R T e

awmgueungigiEdSadhl rbh gy

apprsepgpsanlgsmis dptpsppyr i rrrass s rrr s s st arsdairetabiays Fnatpapen i b tigbrpdind s sra ks rsrrarbssresnsrnrssnrafavesrrrssranrea

Y EN R PR

Ina
L=



U.S. Patent Aug. 26, 2014 Sheet 11 of 25 US 8,819,289 B2

CPU
L 340

320 —i_| OPERATION
UNIT

HARD DISK 390

COMMUNI-
CATION

330

UNIT

' '
M

'
)

’
’

4
)

4
’

’
'

'
M

'
]

M
"

[ ]
M

’
M

M
M

’
|

’
M

[ ]
M

’
[ ]

H
M

’
' ’
' '
' ’
]

‘
s

’
' ’
;

M
) ’
i ]



U.S. Patent Aug. 26, 2014 Sheet 12 of 25 US 8,819,289 B2

ROM 340

COMPRESSED LONG-TERM PREDICTED 341
EPHEMERIS PROVIDING PROGRAM '

COMPRESSED LONG-TERM PREDICTED
EPHEMERIS CREATING PROGRAM

343
COMPRESSION METHOD DATA

3411

FIG.15

HARD DISK 390

301
PREDICTED SATELLITE CALENDAR DATABASE

COMPRESSED LONG-TERM PREDICTED 393
EPHEMERIS DATABASE

F1G.16



U.S. Patent Aug. 26, 2014 Sheet 13 of 25 US 8,819,289 B2

343

3431 3433

TEMPORAL VARIATION PATTERN COMPRESSION METHOD
PATTERN A COMPRESSION METHOD FOR
(LINEAR VARIATION) LINEAR VARIATION
PATTERN B COMPRESSION METHOD FOR
(QUADRATIC-CURVE VARIATION) QUADRATIC-CURVE VARIATION
PATTERN C COMPRESSION METHOD FOR
(PERIODIC VARIATION) PERIODIC VARIATION
PATTERN D COMPRESSION METHOD FOR
(SAW-TOOTH VARIATION) SAW-TOOTH VARIATION
PATTERN E | COMPRESSION METHOD FOR
(STEP-LIKE VARIATION) STEP-LIKE VARIATION

FIG.17



US 8,819,289 B2

Sheet 14 of 25

Aug. 26,2014

U.S. Patent

(Qudiy ‘gudz gud‘gudx)

(TEAIV '2€AZZEAATEAX)

(2291 ‘229z 22AA ' 22aX)

(2193V 214dZ°Z19A°Z 19X)

C¢N\S

(1€d3 7 L£dZ 1£dA 1EAX) 0£'0 8/8 800¢
(1293V 1292 129N 129X) G1:0 8/8 800¢
(11937 ' L19Z° L 1AA’L LAY) 000 8/8 800¢

LAS

(Judyy ‘pudziudA‘pudy) G:€¢ v1/8 800C

JWLL ANV J1v({

00:0 8/8 800¢ JNLL ONY

41VQ 14V1S

SVANT VO J1T13LVS A310104dd

8l Ol4



U.S. Patent Aug. 26, 2014 Sheet 15 of 25 US 8,819,289 B2

353
354 _ ¢/
354-3
354-2
3541
N
N\

COMPRESSED LONG-TERM PREDICTED EPHEMERIS DATA

CREATION TIME | 0:00 OF AUGUST 8. 2008
PREDICTION PERIOD
DR # HOURS

3545 ,
TEMPORAL VARIATION PATTERN DATA '
35471
COMPRESSED PREDICTED EPHEMERIS (SV1)
COMPRESSED PREDICTED EPHEMERIS (SV2)
COMPRESSED PREDICTED EPHEMERIS (SV3)

COMPRESSED PREDICTED EPHEMERIS (SV32)

3541

3943

35472

354/-3
3547

3547-32
\

F1G.19



0¢ Ol

M NH3ILLVd I MNYILIVA | M NY3ILLV _ NOILYWHOAN] HLTV3H 13| TNV
ALITIGVIN3Y
P NYILLV I FNY3LLIVd MEEIINE _ ALIIEYIN3Y LIgH0 a3101a3%d
SI\EIINE QNY3LLVYd | aN¥3Llvd _ AONINODIY4 MD01D ILMFLYS 40 141Ma
O NY3L1Vd QNY3LLVYd | O N¥3Livd 7 MOOTD 3LIT3LYS 40 1414a BEIE A
>ONILOIHHOD
V NH3L11Vd gNY3LIVd | VY N¥3LLV4 _ MOOTD ILITTALYS 40 135440 A0
vV N¥3L11Vd gNY3LIVd | 9N¥3LIVd _ MO01D JLI13LYS 40 IWIL IONIHI4TH

1 Ndd11Vd 1 Na3llvd _ JAON ONIAN3OSY 40 NOISNZOSY LHOIY

557 3TONV NOILYNITONI LISH0 ALUTELYS

US 8,819,289 B2

Sheet 16 of 25

4 Ndd11vd

U NYd1l1vd

d Nad1l1vd

Aug. 26, 2014

d Nadllvd

O Nddllvd

CENS

U.S. Patent



US 8,819,289 B2

821V AAY 1) _ MOO10 ALIMTI34VS 40 JNIL JONJHI43S

_ JAON ONIANIOSY 40 NOISN3ISY LHOIY

A TVAONY NY3N | d313NVEVd
| swwowwan |

YA
ONILDTAHHOD
E 20ey H_ MO01D LTI LYS 40 133440 A00T0
_
J/
3

Sheet 17 of 25

TATOLY ALY |

095
gZONVY ZONV L0

- |
y—

= | H _ _ T1ONY NOLLYNITONI LIGHO ALTELYS

&

S H 70V 0 _ ALIOIMLNTDD3

of)

—

P e b (GOI¥3d ANOD3S)| (aoad 1syI4) 31 INYNY

- 00:9Z ~00:8 1 71/2 8002 00:Z} ~00:9 8/8 8002 | 00:3~ 00:0 8/8 8007 || GOIYId NOILOIJINd _

- .
S _

5 ~
— St ELVGE TUYSE bYSE .
s J4GE ¢ O]
-



U.S. Patent Aug. 26, 2014 Sheet 18 of 25 US 8,819,289 B2

COMPRESSED LONG-TERM PREDICTED
EPHEMERIS PROVIDING PROCESS
IS PREDICTED SATELLITE CALENDAR
RECEIVED FROM EXTERNAL SYSTEM?
PROCESS AND CUMULATIVELY STORE
PREDICTED SATELLITE CALENDAR
A5
TIME TO CREATE COMPRESSED LONG-TERM
PREDICTED EPHEMERIS? No
Yes
SET PREDICTION PERIOD LENGTH TO 4 HOURS
PERFORM COMPRESSED LONG-TERM AQ
PREDICTED EPHEMERIS CREATING PROCESS
SET PREDICTION PERIOD LENGTH TO 6 HOURS A11
PERFORM COMPRESSED LONG-TERM A13
PREDICTED EPHEMERIS CREATING PROCESS
SET PREDICTION PERIOD LENGTH TO 8 HOURS A15
PERFORM COMPRESSED LONG-TERM A17
PREDICTED EPHEMERIS CREATING PROCESS
A19
NO IS REQUEST SIGNAL RECEIVED
FROM MOBILE PHONE?
Yes
DETERMINE PREDICTION PERIOD A9
LENGTH INCLUDED IN REQUEST SIGNAL

TRANSMIT COMPRESSED LONG-TERM
PREDICTED EPHEMERIS DATA WITH DETERMINED
PREDICTION PERIOD LENGTH TO MOBILE PHONE
AS REQUEST SOURCE

A23

F1G.22



U.S. Patent Aug. 26, 2014 Sheet 19 of 25 US 8,819,289 B2

COMPRESSED LONG-TERM PREDICTED
EPHEMERIS CREATING PROCESS
DETERMINE PREDICTION PERIODS B
ON THE BASIS OF CREATION TIMES
LOOP A: EVERY GPS SATELLITE B3
LOOP B: EVERY PREDICTION PERIOD ~B5

READ PREDICTED POSITIONS OF
GPS SATELLITE AT TIMES OF PREDICTION PERIOD [~~B7
FROM PREDICTED SATELLITE CALENDAR

CALCULATE PREDICTED ORBIT OF
GPS SATELLITE IN PREDICTION PERIOD
USING READ PREDICTED POSITIONS AND RQ
KEPLER'S ELLIPTICAL ORBIT MODELAND
CALCULATE VALUES OF KEPLER'S SATELLITE

ORBIT PARAMETERS

READ PREDICTED CLOCK ERRORS OF
GPS SATELLITE AT TIMES OF PREDICTION PERIOD [~~B11
FROM PREDICTED SATELLITE CALENDARS

CALCULATE VALUES OF CLOCK CORRECTING
PARAMETERS OF GPS SATELLITE IN PREDICTION B13
PERIOD USING READ PREDICTED CLOCK ERROR

DETERMINE RELIABILITY PARAMETERS OF B15
GPS SATELLITE IN PREDICTION PERIOD

LOOP B B17

LOOPA B19

FI1G.23



U.S. Patent

Aug. 26, 2014 Sheet 20 of 25

LOOP C: EVERY GPS SATELLITE
LOOP D: EVERY PARAMETER
CREATE TIME-SERIES DATA OF PARAMETER
VALUE OF GPS SATELLITE

DETERMINE TEMPORAL VARIATION
PATTERN OF PARAMETER USING CREATED
TIME-SERIES DATA

CALCULATE COMPRESSED PARAMETER

VALUE OF PARAMETER OF GPS SATELLITE IN
PREDICTION PERIODS USING COMPRESSION

METHOD CORRELATED WITH DETERMINED
TEMPORAL VARIATION PATTERN

LOOP D

CREATE COMPRESSED PREDICTED EPHEMERIS
INCLUDING COMPRESSED PARAMETER VALUES
OF ALL PARAMETERS OF GPS SATELLITE IN
ALL PREDICTION PERIODS

LOOP C
CREATE TEMPORAL VARIATION PATTERN DATA

CREATE AND STORE COMPRESSED LONG-TERM
PREDICTED EPHEMERIS DATA IN WHICH
CREATION TIME,PREDICTION PERIOD LENGTH,
TEMPORAL VARIATION PATTERN DATA,
AND COMPRESSED PREDICTED EPHEMERIS
OF ALL GPS SATELLITES ARE CORRELATED

END

FI1G.24

US 8,819,289 B2

B21

B23

B25

B27

B29

B31

B33

B35

B37

B39



US 8,819,289 B2

Sheet 21 of 25

Aug. 26, 2014

U.S. Patent

0GY

1110410
NOILVOINNWINOD

SS313dIM
IANOHJ-3 7190\

09

067

| R %HE

0cv

G¢ Ol

6Ly LIV
08V OLv

-‘ 1112410

ONISS300dd ANY8-3Svd

1IN :2:
AV 1d51A zo_._.,qmmao Gy

vy 0ty
487 LLD

1IN0dI0
INIAIFI S 3

OlLb

/1N

GOV



U.S. Patent Aug. 26, 2014 Sheet 22 of 25 US 8,819,289 B2

ROM 470

471

MAIN PROGRAM
. 4711

TTFF CALCULATION

SPEEDUP PROGRAM
COMPRESSION 343
METHOD DATA

FIG.26

480
FLASH ROM '

COMPRESSED LONG-TERM 394
PREDICTED EPHEMERIS DATA

COMPLETE LONG-TERM 481
PREDICTED EPHEMERIS DATA

F1G.27

490

RAM
491
GPS CALCULATED POSITION

F1G.28



US 8,819,289 B2

Sheet 23 of 25

Aug. 26, 2014

U.S. Patent

L1O

N5

(NOILVYIdO

ONILONELSNI 440-d3MOd

S$S300%d SS300Yd SS3D0Yd ONIAIFDIY
dNA33dsS NOILYIND VD 4411 ONILYTIND VD NOILISOd ANY ONILLINSNYYL TIVIN
LD~ NOILYH3dO GO
ONILONSHLSNI NOILYH3dO
SS3008d dNA33dS NOLYINO VYD ONILONHLSNI NOILdTDIA
NOILYTINOTVD 4411 NOILISOd ANV NOISSINSNYHL TIVIA

1O

S5d00dd NiVIA

(NOILVHAdO ONILONGLSNI

ON

SS300dd T1vO

%0,

NOILVH3d0O
ONILONGLSNI TIVO

6¢ Ol



U.S. Patent Aug. 26, 2014 Sheet 24 of 25 US 8,819,289 B2

TTFF CALCULATION SPEEDUP PROCESS

DETERMINE COMMUNICATION STATUS D1

DETERMINE PREDICTION PERIOD LENGTH OF
REQUESTED COMPRESSED LONG-TERM
PREDICTED EPHEMERIS DATA ON THE BASIS
OF DETERMINED COMMUNICATION STATUS

D3

TRANSMIT REQUEST SIGNAL FOR COMPRESSED
LONG-TERM PREDICTED EPHEMERIS DATA TO D5

SERVER SYSTEM ALONG WITH DETERMINED
PREDICTION PERIOD LENGTH

RECEIVE, UPDATE, AND STORE COMPRESSED
LONG-TERM PREDICTED EPHEMERIS DATA FROM D7
SERVER SYSTEM

A R A e el sl g el mish R A A A S RS A R W R R B emink el seminde ik vyenink femik sk S Ymbh kb M S S S S EE MY S S S ERE ERE MY T S S

OMPRESSED LONG-TERM
PREDICTED EPHEMERIS
DECOMPRESSING PROCESS

DETERMINE TEMPORAL VARIATION PATTERN OF

PARAMETERS OF GPS SATELLITES INCLUDED IN
TEMPORAL VARIATION PATTERN DATA OF COMPRESSED
LONG-TERM PREDICTED EPHEMERIS DATA

O

CJ
©

CALCULATE PARAMETER VALUES FROM COMPRESSED
PARAMETER VALUES OF GPS SATELLITES USING
COMPRESSION METHOD CORRELATED WITH
DETERMINED TEMPORAL VARIATION PATTERN

D11

CREATE, UPDATE, AND STORE COMPLETE LONG-TERM

EPHEMERIS DATA D13

— — — — el ek p—  p—  — skl ekl sleesbie  heekh skl ele——— ke ek s Yesis ek sk sk s e e ek ekl ek —l_—_u___ﬂl_l_uﬂﬂJ

L—"_ﬂ_—_————————__-—_--——_H —ﬂﬂ—ﬁ““—-_-—_‘_‘—-—ﬂ-_”—_‘—ﬂ-d



U.S. Patent Aug. 26, 2014 Sheet 25 of 25 US 8,819,289 B2

LOOP C: EVERY GPS SATELLITE B21

LOOP D: EVERY PARAMETER B23
E24
IS PARAMETER COMPRESSION-METHQOD
FIXED PARAMETER? Yes
No
CREATE TIME-SERIES DATA OF PARAMETER B2
VALUE OF GPS SATELLITE

CALCULAT_I% COMPRESSED
DETERMINE TEMPORAL VARIATION A OE SR O
PATTERN OF PARAMETER USING CREATED B27 FIXED PARAMETER OF GPS
TIME-SERIES DATA SATELLITE IN PREDICTION £30

PERIODS USING COMPRESSION
METHOD CORRELATED WITH
COMPRESSION-METHOD
FIXED PARAMETER

CALCULATE COMPRESSED PARAMETER
VALUE OF PARAMETER OF GPS SATELLITE IN
PREDICTION PERIODS USING COMPRESSION
METHOD CORRELATED WITH DETERMINED
TEMPORAL VARIATION PATTERN

B29

LOOPD B31

CREATE COMPRESSED PREDICTED EPHEMERIS
INCLUDING COMPRESSED PARAMETER VALUES
OF ALL PARAMETERS OF GPS SATELLITE IN
ALL PREDICTION PERIODS

LOOP C B35
CREATE TEMPORAL VARIATION PATTERN DATA B37

CREATE AND STORE COMPRESSED LONG-TERM
PREDICTED EPHEMERIS DATA IN WHICH
CREATION TIME,PREDICTION PERIOD LENGTH,
TEMPORAL VARIATION PATTERN DATA,
AND COMPRESSED PREDICTED EPHEMERIS
OF ALL GPS SATELLITES ARE CORRELATED

B33

B39

END

FI1G.31



US 8,819,289 B2

1

SATELLITE ORBIT DATA COMPRESSING
METHOD, SATELLITE ORBIT DATA
PROVIDING METHOD, SATELLITE ORBIT
DATA DECOMPRESSING METHOD, AND
DATA COMPRESSING DEVICE

The entire disclosure of Japanese Patent Application No.
2008-335750, filed Dec. 29, 2008, 1s expressly incorporated
by reference herein.

BACKGROUND

1. Technical Field

The present invention relates to a satellite orbit data com-
pressing method, a satellite orbit data providing method, a
satellite orbit data decompressing method, and a data com-
pressing device.

2. Related Art

A global positioning system (GPS) 1s widely known as a
position calculating system employing positioning signals
and 1s used 1n position calculating devices built into mobile
phones and car navigation apparatuses. In the GPS, a position
calculating operation for calculating a three-dimensional
coordinate value indicating the position of a target apparatus
and a clock error 1s carried out on the basis of information
such as positions of plural GPS satellites or the quasi-distance
from the GPS satellites to the target apparatus.

In calculating a position using the GPS, satellite informa-
tion such as the position, velocity, and moving direction of the
GPS satellite 1s first calculated on the basis of navigation data
such as almanac or ephemeris which overlaps with a GPS
satellite signal emitted from the GPS satellite. The almanac
serves as an influential key to capture a satellite but 1s not
generally used 1n the position calculating operation, because
it 1S poor 1n accuracy concerning the satellite orbit. On the
other hand, the ephemeris serves as an influential key to
capture a satellite and can also be used 1n the position calcu-
lating operation, because 1t 1s excellent 1n accuracy concermn-
ing the satellite orbit. Theretfore, for example, when the posi-
tion calculating operation 1s started without the ephemersis,
the ephemeris should be acquired from the GPS satellite
signal, thereby enhancing the TTFF (Time To First Fix).

Therefore, 1n a server and client system, a technique for
allowing a server to predict long-term predicted ephemeris
(long-term predicted orbit data), which 1s a kind of satellite
orbit data and 1s the ephemeris corresponding to a long term
of one week, and to provide the long-term predicted ephem-
er1s to a position calculating device as a client was developed
and disclosed, for example, in US-A-2002-188403 and
US-A-2005-212700.

Since the long-term predicted ephemeris 1s data acquired
by predicting satellite orbits of all the GPS satellites for a long
term (for example, one week), the size thereof1s much greater
than that of the ephemeris for one satellite. Since the long-
term predicted ephemeris 1s downloaded from a server system
and used by a position calculating device, there 1s a need for
reducing the size of the long-term predicted ephemeris so as

to be as small as possible, thereby reducing communication
cost of communication time and communication traffic.

SUMMARY

An advantage of some aspects of the present invention 1s to
provide a technique for reducing the size of satellite orbit data
provided to a position calculating device.

According to an aspect of the mvention, a satellite orbit
data compressing method includes: determining a compres-
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sion method of a parameter value on the basis of a variation
tendency of the parameter value 1n an orbit model approxi-
mating a satellite orbit; and calculating a compressed param-
cter value by reducing a bit sequence representing the param-
cter value using the determined compression method.

According to another aspect of the mnvention, a data com-
pressing device includes: a determination unit determining a
compression method of a parameter value on the basis of a
variation tendency of the parameter value 1n an orbit model
approximating a satellite orbit; and a calculation unit calcu-
lating a compressed parameter value by reducing a bit
sequence representing the parameter value using the deter-
mined compression method.

According to the above-mentioned aspects, the compres-
sion method of the parameter value 1s determined on the basis
of the vaniation tendency of the parameter value 1n the orbit
model approximating a satellite orbit. The compressed
parameter value 1s calculated by reducing the bit sequence
representing the parameter value using the determined com-
pression method, whereby the satellite orbit data 1s com-
pressed.

That enables to effectively reduce the size of the satellite
orbit data by selecting a proper compression method of the
parameter value to calculate the compressed parameter value
on the basis of the variation tendency of the parameter value
in the orbit model.

In the satellite orbit data compressing method, a plurality
of vanation patterns of the parameter value and compression
methods suitable for the variation patterns may be predeter-
mined, and the determining of the compression method may
include determining the compression method by selecting the
variation pattern suitable for the variation tendency from the
plurality of vanation patterns and selecting the compression
method corresponding to the selected variation pattern.

According to this configuration, the plural variation pat-
terns of the parameter value and the compression methods
suitable for the varation patterns are predetermined. The
parameter value 1s compressed by selecting the compression
method corresponding to the variation pattern suitable for the
variation tendency of the parameter value. Accordingly, that
enables to effectively reduce the bit sequences using the com-
pression method suitable for the respective parameters.

In the satellite orbit data compressing method, the deter-
mining of the compression method may include employing a
compression method that 1s predetermined to be suitable for a
particular parameter among a plurality of parameters
included 1n the orbit model.

According to this configuration, the compression method
that 1s determined 1n advance as a compression method suit-
able for the particular parameter out of a plurality of param-
cters included 1n the orbit model 1s determined for the par-
ticular parameter. Some parameters included in the orbit
model have an almost constant variation tendency. The com-
pression methods are determined 1n advance for such param-
cters and the compressed parameter values are suitably cal-
culated using the determined compression methods.

In the satellite orbit data compressing method, the com-
pression method may be a predetermined lossless compres-
s1ion method.

According to this configuration, since the satellite orbit
data 1s compressed using a lossless compression method, the
party decompressing the satellite orbit data can reconstruct
the parameter values of the orbit model expression without
CITOr.

According to another aspect of the invention, there 1s pro-
vided a satellite orbit data providing method including: pro-
viding satellite orbit data including the compressed parameter
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value, which 1s calculated by performing the above-men-
tioned satellite orbit data compressing method, to a position
calculating device along with identification information of
the compression method.

According to this aspect, since the compressed satellite
orbit data 1s provided along with the 1dentification informa-
tion of the parameter value compressing method, the position
calculating device can know what compression method 1s
used to compress the parameter values.

According to another aspect of the invention, a satellite
orbit data decompressing method includes: selecting a com-
pression method on the basis of the identification information
provided 1n the satellite orbit data providing method; and
acquiring the parameter values of the orbit model by decom-
pressing the compressed parameter values included 1n the
satellite orbit data provided 1n the satellite orbit data provid-
ing method using the selected compression method.

According to this aspect, that enables to decompress the
compressed parameter values included in the provided satel-
lite orbit data to the original parameter values using the com-
pression methods used to calculate the compressed parameter
values. Therefore, that enables to reconstruct the parameter
values of the orbit model expression without error.

BRIEF DESCRIPTION OF THE DRAWINGS

The mvention will be described with reference to the
accompanying drawings, wherein like numbers reference like
clements.

FIG. 1 1s a diagram schematically illustrating the configu-
ration of a position calculating system.

FI1G. 2 1s a diagram 1llustrating the principle of creating a
compressed long-term predicted ephemerais.

FIG. 3 1s a graph 1llustrating an example of a temporal
variation of a parameter value.

FIG. 4 1s a graph illustrating an example of a temporal
variation of a parameter value.

FIG. 5 1s a graph 1llustrating an example of a temporal
variation of a parameter value.

FIG. 6 1s a graph illustrating an example of a temporal
variation of a parameter value.

FIG. 7 1s a graph 1llustrating an example of a temporal
variation of a parameter value.

FIG. 8 1s a graph illustrating an example of a temporal
variation of a parameter value.

FIG. 9 1s a graph illustrating an example of a temporal
variation of a parameter value.

FIG. 10 1s a graph illustrating an example of a temporal
variation of a parameter value.

FIG. 11 1s a graph illustrating an example of a temporal
variation of a parameter value.

FIG. 12 1s a graph illustrating an example of a temporal
variation of a parameter value.

FIG. 13 1s a graph illustrating an example of a temporal
variation of a parameter value.

FIG. 14 1s a block diagram 1llustrating the functional con-
figuration of a server system.

FI1G. 15 1s a diagram 1llustrating an example of data stored
in a ROM of the server system.

FIG. 16 1s a diagram 1llustrating an example of data stored
in a hard disk of the server system.

FI1G. 17 1s a diagram 1illustrating the configuration of com-

pression method data.
FIG. 18 1s a diagram illustrating an example of a data
configuration of a predicted satellite calendar database.
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FIG. 19 1s a diagram illustrating an example of a data
configuration of a compressed long-term predicted ephemeris
database.

FIG. 20 1s a diagram illustrating an example of a data
configuration of a temporal variation pattern.

FIG. 21 1s a diagram illustrating an example of a data
configuration of a compressed predicted ephemeris.

FIG. 22 1s a flowchart 1llustrating the flow of a compressed
long-term predicted ephemeris providing process.

FIG. 23 1s a flowchart i1llustrating the flow of a compressed
long-term predicted ephemeris creating process.

FIG. 24 1s a flowchart illustrating the flow of the com-
pressed long-term predicted ephemeris creating process.

FIG. 25 1s a block diagram illustrating the functional con-
figuration of a mobile phone.

FIG. 26 15 a diagram 1illustrating an example of data stored
in a ROM of the mobile phone.

FIG. 27 1s a diagram 1illustrating an example of data stored
in a flash ROM of the mobile phone.

FIG. 28 1s a diagram 1llustrating an example of data stored
in a RAM of the mobile phone.

FIG. 29 1s a flowchart 1llustrating the flow of a main pro-
CEesS.

FIG. 30 1s a flowchart illustrating the flow of a TTFF
calculation speedup process.

FIG. 31 1s a flowchart illustrating the flow of a second
compressed long-term predicted ephemeris creating process.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Heremafiter, exemplary embodiments of the invention waill
be described with reference to the accompanying drawings.
However, the invention 1s not limited to the exemplary
embodiments.

1. System Configuration

FIG. 1 1s a diagram schematically illustrating the configu-
ration ol a position calculating system 1 according to an
exemplary embodiment. The position calculating system 1
includes an external system 2, a server system 3 which 1s a
kind of data compressing device, a mobile phone 4 which 1s a
kind of electronic apparatus having a position calculating
device, and plural GPS satellites SV (SV1, SV2, SV3,
SV4, . . . ) which are a kind of positioning satellites. The
position calculating operation can be carried out using the
mobile phone 4 and the GPS satellites SV, after the mobile
phone 4 acquires necessary data from the server system 3.
Accordingly, the mobile phone 4 and the GPS satellites SV
constitute one position calculating system. The server system
3 and the mobile phone 4 can be called a position calculating
system as an earth-side system.

The external system 2 1s a known system for periodically
receiving satellite signals from the GPS satellites SV, creating,
a predicted satellite calendar on the basis of navigation data
included 1n the received satellite signals, and providing the
created predicted satellite calendar to the server system 3. The
predicted satellite calendar provided from the external system
2 1s position data in which the predicted positions acquired by
predicting the future positions of the GPS satellites SV and
predicted clock errors acquired by predicting errors of atomic
clocks built mnto the GPS satellites SV are arranged at a
predetermined time interval (for example, an interval of 15
minutes) 1in time series. For example, the external system 2 1s
a private or public computer system making a business of
providing predicted satellite calendars.
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The server system 3 1s a system having a server acquiring,
the predicted satellite calendars from the external system 2

and creating and providing an ephemernis (heremafiter,
referred to as “long-term predicted ephemeris” 1 this
embodiment or “long-term predicted orbit data™ because 1t 1s
an orbit valid for a long term), valid for a long term of at least
one day, for example, one week, as the predicted ephemeris,
which 1s a kind of satellite orbit data, for all the GPS satellites
SV using the acquired predicted satellite calendars. The
ephemeris transmitted from the GPS satellites SV 1s valid for
4 hours. Accordingly, the term of validity of the long-term
predicted ephemeris provided from the server system 3 1s
longer.

The mobile phone 4 1s an electronic apparatus used by a
user to communicate or to transmit and receive mails and has
a position calculating device performing a position calculat-
ing function in addition to the inherent functions of the mobile
phone of communicating or transmitting and receiving mails.
The mobile phone 4 transmits a request signal for the long-
term predicted ephemeris to the server system 3 by the user’s
operation and acquires the long-term predicted ephemeris
from the server system 3. The mobile phone captures the GPS
satellites SV using the acquired long-term predicted ephem-
eris and carries out the position calculating operation based
on the GPS satellite signals.

2. Principle

The server system 3 performs a process of creating the
long-term predicted ephemeris using the predicted satellite
calendars acquired from the external system 2. Specifically,
the period from the creation time of the long-term predicted
ephemeris to the time after one week 1s used as a creation
period and the creation period 1s divided into plural periods
(heremaftter, referred to as “prediction periods™) when a sat-
cllite orbit 1s approximated and modeled. In this embodiment,
the lengths of the prediction periods are set constant, whereby
plural kinds of long-term predicted ephemeris of which the
prediction periods are set to 4 hours, 6 hours, and 8 hours are
created.

The server system 3 extracts the predicted position 1n each
prediction period out of the predicted positions included in
the predicted satellite calendar acquired from the external
system 2. Kepler’s satellite orbit model expression (herein-
alter, also referred to as “approximate model”), in which the
square sum of distances from all the extracted predicted posi-
tions 1n the prediction period 1s the least, 1s calculated on the
respective prediction periods. The parameters of the calcu-
lated approximate model expression of the satellite orbit are
referred to as “satellite orbit parameters™ and the calculation
for the approximate model 1s also referred to as “approximat-
ing calculation”. The predicted satellite orbit acquired by the
approximating calculation 1s referred to as “predicted orbit”.

The server system 3 extracts a predicted clock error of each
prediction period in the predicted satellite calendars acquired
from the external system 2. A clock error model expression
approximating a temporal variation of the clock error 1s cal-
culated on the respective prediction periods using the pre-
dicted clock error of each prediction period. Parameters of the
calculated clock error model expression are called “clock
correcting parameters’.

In each prediction period, the server system 3 determines
“predicted orbit reliability” which 1s an indicator value indi-
cating the reliability of the predicted orbit for each prediction
period and “health information™ indicating soundness of each
GPS satellite SV 1n the prediction period. The predicted orbit
reliability 1s expressed by 16 steps of “0” to *“15”, where “0”
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represents the highest reliability of the predicted orbit and
“15” represents the lowest reliability of the predicted orbait.

The health mmformation 1s expressed by, for example,
binary values of “0” and “1”°, where “0” represents that the
GPS satellite SV 1s sound and “1” represents that the GPS
satellite SV 1s not sound. The predicted orbit reliability 1s a
value corresponding to the “URA index” included in the
ephemeris and the health information 1s a value correspond-
ing to the “SV health” included 1n the ephemeris. In this
embodiment, the predicted orbit reliability and the health
information are called “reliability parameters”. The specific
method of determining the reliability parameters employs
known methods and thus description thereof 1s omitted.

The long-term predicted ephemeris 1s data including the
values of the satellite orbit parameters, the clock correcting
parameters, and the reliability parameters 1n all the prediction
periods for all the GPS satellites and thus has a great amount
of data. The long-term predicted ephemeris 1s downloaded
and used from the server system 3 by the mobile phone 4.
Accordingly, it 1s required that the amount of data of the
long-term predicted ephemeris should be as small as possible.
Theretfore, in this embodiment, the amount of data of the
long-term predicted ephemeris 1s reduced by creating com-
pressed long-term predicted ephemeris including com-
pressed parameter values (heremafter, referred to as “com-
pressed parameter values™) instead of the values of the above-
mentioned parameters.

FIG. 2 1s a diagram 1llustrating the principle of creating the
compressed long-term predicted ephemeris according to this
embodiment. In FIG. 2, the numbers added to the parameter
values and the compressed parameter values represent the
numbers of the prediction periods. Here, 1t 1s assumed that the
prediction period 1s 6 hours. In this case, by dividing the
period of one week as a creation period by 6 hours, 28 pre-
diction periods (first prediction period to twenty-eighth pre-
diction period) are formed.

In this embodiment, the server system 3 determines a tem-
poral vaniation pattern of each parameter value for each GPS
satellite. Specifically, time-series data of a parameter value 1n
the first to twenty-eighth prediction periods 1s created for
cach parameter. Then, the server system 3 determines which
data of predetermined plural temporal vanation patterns the
created time-series data 1s suitable for. The determination of
the temporal variation pattern can be carried out by perform-
ing a pattern matching process on the created time-series data
and the pattern-matching time-series data previously pre-
pared for each temporal variation pattern.

The temporal variation patterns are correlated with com-
pression methods. That 1s, compression methods for most
elfectively reducing the bit sequence representing the param-
cter value are determined in advance depending on the tem-
poral variation patterns.

Specifically, the compressed parameter values are
expressed by difference values calculated from the parameter
values 1n the first to twenty-e1ghth prediction periods. How-
ever, 1t depends on the compression methods which predic-
tion period the difference value should be calculated in or
what the degree of difference should be set to (what degree of
difference should be calculated). For example, a sequence of
“1,3,5,7,9,...7 has a first degree of difference of “2”. A
sequence of “1, 2, 4, 7, 11, . . . ” has a second degree of
difference of “1”. That enables to effectively compress the
parameter values by employing a compression method hav-
ing a high compression etfiect (bit sequence reducing eifect)
depending on what variation pattern the parameter value has.

More specifically, for example, a method of calculating the
compressed parameter value in the corresponding prediction
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period by calculating first differences between the parameter
value 1n the first prediction period and the parameter values in
the second to twenty-eighth prediction periods 1s determined
as compression method a for temporal variation pattern A. For
example, a method of calculating the compressed parameter
values 1n the corresponding prediction period by calculating
second differences between the parameter values 1n the adja-
cent prediction periods 1s determined as compression method
b for temporal variation pattern B.

In this embodiment, a lossless compression method 1s used
as the compression method. Accordingly, that enables to
reconstruct the original parameter values from the com-
pressed parameter values without error.

The above-mentioned determination of the temporal varia-
tion pattern 1s carried out on all the parameters of the all the
GPS satellites SV. The compressed parameter values of the
parameters are calculated by selecting the compression meth-
ods correlated with the determined temporal variation pat-
terns and performing a compression operation. The com-
pressed long-term predicted ephemeris 1s data including the
compressed parameter values of all the parameters for all the
GPS satellites SV.

In fact, a test of mspecting the temporal variation patterns
of the parameters by predicting and calculating the long-term
predicted ephemeris was carried out. The test result will be
described now.

FIG. 3 1s a graph illustrating an example of the temporal
variation of a satellite clock offset “a;” which 1s a clock
correcting parameter for a GPS satellite SV1. Here, the hori-
zontal axis represents the prediction periods (first to twenty-
cighth prediction periods) of the long-term predicted ephem-
er1s and the vertical axis represents the parameter value of the
corresponding parameter. The prediction period length 1s set
to 6 hours. This1s true in FIGS. 410 7. As aresult, the temporal
variation of the satellite clock offset of the GPS satellite SV1
has a shape which can be approximated by a linear function
and 1s thus suitable for a linear temporal variation pattern.
Accordingly, the compressed parameter value of the satellite
clock ofiset 1s calculated using the compression method pre-
determined for a linear variation.

FIG. 4 1s a graph illustrating an example of the temporal
variation of an orbit inclination angle “1,” which 1s a satellite
orbit parameter for the GPS satellite SVl As a result, the
temporal variation of the orbit inclination angle of the GPS
satellite SV1 has a shape which can be approximated by a
quadratic function and 1s thus suitable for a quadratic-curve
temporal vanation pattern. Accordingly, the compressed
parameter value of the orbit inclination angle 1s calculated
using the compression method predetermined for a quadratic-
curve variation.

FIG. 5 1s a graph 1illustrating an example of the temporal
variation of a long orbit radius “a” which 1s a satellite orbit
parameter for the GPS satellite SV1. As a result, the temporal
variation of the long orbit radius of the GPS satellite SV1 has
a shape obtained by combining plural sinusoidal waves and 1s
thus suitable for a peniodic temporal variation pattern.
Accordingly, the compressed parameter value of the long
orbit radius 1s calculated using the compression method pre-
determined for a periodic variation. Since the vertical axis has
a significant cipher of four, the vertical axis value 1s shown as
the same value, but actually 1t varies.

FIG. 6 1s a graph illustrating an example of the temporal
variation of a mean anomaly “M,” which 1s a satellite orbit
parameter for the GPS satellite SV1. As a result, the temporal
variation of the mean anomaly of the GPS satellite SV1 has a
saw-tooth shape and 1s thus suitable for a saw-tooth temporal
variation pattern. Accordingly, the compressed parameter
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value of the mean anomaly 1s calculated using the compres-
s1ion method predetermined for a saw-tooth variation.

FIG. 7 1s a graph 1illustrating an example of the temporal
variation of a right ascension of an ascending node “€2,”
which 1s a satellite orbit parameter for the GPS satellite SV1.
As aresult, the temporal variation of the right ascension of an
ascending node of the GPS satellite SV1 has a step-like shape
and 1s thus suitable for a step-like temporal variation pattern.
Accordingly, the compressed parameter value of the right
ascension of an ascending node 1s calculated using the com-
pression method predetermined for a step-like variation.

The mventors carried out a lot of tests and found out as a
result that the temporal variation pattern of the parameter
value of a parameter varies depending on a difference in
predicted satellite calendar used to calculate the parameter, a
difference 1n length of the prediction period, or an individual
difference of the GPS satellites SV. Therefore, the server
system 3 performs the determination of a temporal variation
pattern and the compression operation on the parameter val-
ues for each GPS satellite, when creating the long-term pre-
dicted ephemeris using different predicted satellite calendars
or when creating the long-term predicted ephemeris in differ-
ent prediction periods.

FIGS. 8 and 9 are graphs illustrating examples of the tem-
poral variation when the value of eccentricity “e” which 1s a
satellite orbit parameter for the GPS satellite SV1 1s calcu-
lated using different predicted satellite calendars. FIG. 8
shows the calculation result using predicted satellite calendar
P1 and FIG. 9 shows the calculation result using predicted
satellite calendar P2. The lengths of the prediction periods are
both set to 12 hours. As a result, when the eccentricity 1s
calculated using predicted satellite calendar P1, 1t 1s suitable
for a substantially linear temporal variation pattern. On the
contrary, when the eccentricity 1s calculated using predicted
satellite calendar P2, it 1s suitable for a quadratic-curve tem-
poral vaniation pattern. Accordingly, it can be seen that it 1s
necessary to compress the same parameter using different
compression methods depending on the predicted satellite
calendars used.

FIGS. 10 and 11 are graphs 1illustrating examples of the
temporal variation when the value of eccentricity “e” for the
GPS satellite SV1 1s calculated using different prediction
period lengths. FIG. 10 shows the calculation result using the
prediction period length of 12 hours and FIG. 11 shows the
calculation result using the prediction period length of 4
hours. As a result, when the prediction period length 1s set to
12 hours, it 1s suitable for the quadratic-curve temporal varia-
tion pattern. On the contrary, when the prediction period
length 1s set to 4 hours, 1t 1s roughly suitable for the quadratic-
curve temporal vanation pattern, but locally suitable for the
periodic temporal variation pattern. Accordingly, 1t can be
seen that 1t 1s necessary to compress the same parameter using,
different compression methods depending on the prediction
period lengths.

FIGS. 12 and 13 are graphs 1illustrating examples of the
temporal variation when the value of eccentricity “e”

1s cal-
culated for ditterent GPS satellites SV. FIG. 12 shows the

calculation result for the GPS satellite SV23 and FIG. 13
shows the calculation result for the GPS satellite SV29. The

prediction period lengths are all set to 12 hours. As a result,
the calculation result for the GPS satellite SV23 1s suitable for
the linear temporal variation pattern, but the calculation result
for the GPS satellite SV29 1s suitable for a cubic temporal
variation pattern. Accordingly, it can be seen that 1t 1s neces-
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sary to compress the same parameter using different compres-
sion methods depending on the GPS satellites.

3. Server System

3-1. Functional Configuration

FI1G. 14 1s a block diagram 1llustrating the functional con-
figuration of the server system 3. The server system 3 1s a
computer system which includes a CPU (Central Processing
Unit) 310, an operation umt 320, a communication unit 330,
a ROM (Read Only Memory) 340, a hard disk 350, and a

RAM (Random Access Memory) 360 and 1n which the units
are connected to each other with an additional bus 370.

The CPU 310 1s a processor generally controlling the units
of the server system 3 in accordance with a system program
stored 1n the ROM 340. In this embodiment, the CPU 310
performs a process of providing the created compressed long-
term predicted ephemeris to the mobile phone 4 1n accor-
dance with a compressed long-term predicted ephemeris pro-

viding program 341 stored in the ROM 340.

The operation unit 320 1s an mmput device recerving an
operation nstruction from an administrator of the server sys-
tem 3 and outputting a signal corresponding to the operation
to the CPU 310. This function 1s embodied, for example, by a
keyboard, buttons, a mouse, and the like.

The communication unit 330 1s a communication device
exchanging a variety of data used in the system with the
external system 2 or the mobile phone 4 via a communication
network such as the Internet.

The ROM 340 1s a read-only nonvolatile memory device
and stores various programs such as a system program for
allowing the CPU 310 to control the server system 3, a pro-
gram for providing the compressed long-term predicted
ephemeris to the mobile phone 4, and a program for creating
the compressed long-term predicted ephemeris and various
data.

The hard disk 350 1s a memory device which data can be
read from and written to using a magnetic head or the like and
stores programs or data for performing various functions of
the server system 3, similarly to the ROM 340.

The RAM 360 1s a readable-writable volatile memory
device and constitutes a work area temporarily storing vari-
ous processing programs such as the system program and the
compressed long-term predicted ephemeris providing pro-
gram executed by the CPU 310, data in process of various
processes, processing results, and the like.

3-2. Data Structure

FI1G. 15 1s a diagram 1llustrating an example of data stored
in the ROM 340. The ROM 340 stores a compressed long-
term predicted ephemeris providing program 341 read and
executed 1 a compressed long-term predicted ephemeris pro-
viding process (see FIG. 22) by the CPU 310 and compres-
sion method data 343. The compressed long-term predicted
ephemeris providing program 341 includes a compressed
long-term predicted ephemeris creating program 3411
executed 1n a compressed long-term predicted ephemeris cre-
ating process (see FIGS. 23 and 24) as a sub routine.

The compressed long-term predicted ephemeris providing
process 1s a process of allowing the CPU 310 to periodically
create the compressed long-term predicted ephemeris and
transmitting the created compressed long-term predicted
ephemeris to the mobile phone 4 as a request source when
receiving a request signal for the compressed long-term pre-
dicted ephemeris from the mobile phone 4. The compressed
long-term predicted ephemeris providing process will be
described in detail later with reference to a tlowchart.
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The compressed long-term predicted ephemeris creating
process 1s a process of allowing the CPU 310 to create the
compressed long-term predicted ephemeris in accordance
with the above-mentioned principle. In this embodiment, the
CPU 310 creates the compressed long-term predicted ephem-
eris every four hours. Specifically, plural types of long-term
predicted ephemeris are created 1n which the creation period
of one week 1s divided mto the predetermined prediction
periods such as 4 hours, 6 hours, and 8 hours using the period
from the creation time of the compressed long-term predicted
ephemeris to the time after one week.

The CPU 310 creates temporal variation pattern data rep-
resenting the temporal variation patterns of the parameters of
the satellite orbit parameter, the clock correcting parameter,
and the reliability parameter and compressed long-term pre-
dicted ephemeris including the compressed predicted ephem-
er1s including the compressed parameter values of the param-
cters 1n the prediction periods. The compressed long-term
predicted ephemeris creating process will also be described in
detail later with reference to a tlowchart.

FIG. 17 1s a diagram 1illustrating a data structure of the
compression method data 343. The compression method data
343 1s data 1n which the compression methods of the param-
cters are determined and in which the temporal variation
patterns 3431 are correlated with the parameter value com-
pressing methods 3433. For example, the temporal variation
pattern of “pattern C (periodic variation)” 1s correlated with
the compression method for the periodic variation.

FIG. 16 15 a diagram 1illustrating an example of data stored
in the hard disk 350. The hard disk 350 stores a predicted
satellite calendar database 351 and a compressed long-term
predicted ephemeris database 353.

FIG. 18 1s a diagram 1illustrating the data structure of the
predicted satellite calendar database 351. The predicted sat-
cllite calendar database 3351 i1s a database storing plural pre-
dicted satellite calendars 352 (352-1, 352-2, 352-3, . .. ) 1n
time series.

The predicted satellite calendars 352 are discrete data 1n
which the predicted positions and the predicted clock errors
for one week of the GPS satellites SV are arranged with the
interval of 15 minutes and data collected every start time. For
example, the predicted satellite calendar 352-1 1s data of
which the prediction start time 1s “0:00 of Aug. 8, 2008, The
predicted position of the GPS satellite “SV2” at 0:30 of Aug.
88,2008, 15 “(Xp32,Yp32, Zp32)” and the prediction error of
the atomic clock 1s “Atp32”.

The CPU 310 perniodically (for example, every 4 hours)
receives the predicted satellite calendars from the external
system 2. Then, the CPU performs a process of processing a
data format to cumulatively store the recerved predicted sat-
cllite calendars 1n the predicted satellite database 351. Spe-
cifically, plural predicted satellite calendars 352 including
data having different start times and the same creation time
(for example, one week) of the long-term predicted ephem-
er1s are created and cumulatively stored in the predicted sat-
cllite calendar database 351.

FIG. 19 1s a diagram 1llustrating the data structure of the
compressed long-term predicted ephemeris database 353.
The compressed long-term predicted ephemeris database 353
1s a database storing plural compressed long-term predicted
ephemeris data 354 (354-1, 354-2, 354-3, . . . ).

In the compressed long-term predicted ephemeris data
354, the creation times 3541 of the compressed long-term
predicted ephemeris data, the prediction period lengths 3543
which are the lengths of the prediction periods, the temporal
variation pattern data 3545, and the compressed predicted
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ephemeris 3547 (3547-1 to 3547-32) of the GPS satellites SV
(SV1 to SV32) are correlated with each other.

FIG. 20 1s a diagram 1llustrating the data structure of the
temporal variation pattern data 354S. The temporal variation
pattern data 3545 includes the temporal variation patterns of

the satellite orbit parameter, the clock correcting parameter,
and the reliability parameter for the GPS satellites SV (SV1 to
SV32). As shown in the compression method data 343 of FIG.
17, since the temporal variation patterns are correlated with
the compression methods, the temporal variation pattern data
3545 can be said to be data including the 1dentification infor-
mation of the compression methods of the parameter values.

It should be noted that the temporal variation pattern and
the compression method of the same parameter vary depend-
ing on the GPS satellites. For example, paying attention to the
eccentricity “e”, since the temporal variation pattern for the
GPS satellite SV1 15 “pattern A (linear vanation)”, the com-
pression method for the linear vaniation 1s used for the GPS
satellite SV1. On the contrary, since the temporal varnation
pattern for the GPS satellite SV2 1s “pattern B (quadratic-
curve variation)”, the compression method for the quadratic-
curve variation 1s used for the GPS satellite SV2.

FIG. 21 1s a diagram 1llustrating the data structure of the
compressed predicted ephemeris 3547. The compressed pre-
dicted ephemeris 3547 (3547-1, 3547-2, . . . and 3547-32)
include compressed parameter values of the satellite orbit
parameters, the clock correcting parameters, and the reliabil-
ity parameter 1n the respective prediction periods.

The compressed predicted ephemeris 3547-1 shown in
FIG. 21 1s compressed predicted ephemeris for the GPS sat-
cllite SV1, 1n which the original values (parameter values) of
the parameters are stored for the first prediction period but the
compressed values (compressed parameter values) of the
parameters are stored for the second to twenty-eighth predic-
tion periods.

3-3. Flow of Processes

FI1G. 22 1s a flowchart 1llustrating a flow of the compressed
long-term predicted ephemeris providing process performed
in the server system 3 by allowing the CPU 310 to read and
execute the compressed long-term predicted ephemeris pro-
viding program 341 stored in the ROM 340.

First, the CPU 310 determines whether the predicted sat-
cllite calendars are recerved from the external system 2 (step
Al). When 1t 1s determined that they are not received (NO 1n
step Al), the process of step AS 1s performed.

When 1t 1s determined that they are received (YES 1n step
Al), the CPU 310 processes the data format so as to cumu-
latively store the recerved predicted satellite calendars 1n the
predicted satellite calendar database 351. Specifically, the
CPU creates plural predicted satellite calendars 352 including
data having different start times and corresponding to the
same period as the creation period (for example, one week) of
the long-term predicted ephemeris and cumulatively stores
the created plural predicted satellite calendars 352 in the
predicted satellite calendar database 351 (step A3).

The CPU 310 determines whether it 1s time to create the
compressed long-term predicted ephemeris (step AS). In this
embodiment, 1t 1s assumed that the compressed long-term
predicted ephemeris 1s created once every 4 hours. When it 1s
determined that 1t 1s not yet the time to create the compressed
long-term predicted ephemeris (NO 1n step AS), the CPU 310
performs the process of step A19.

When it 1s determined that 1t 1s the time to create the
compressed long-term predicted ephemeris (YES 1n step A5),
the CPU 310 sets the prediction period length to 4 hours (step
AT). Then, the CPU 310 performs the compressed long-term
predicted ephemeris creating process by reading and execut-
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ing the compressed long-term predicted ephemeris creating
program 3411 stored in the ROM 340 (step A9).

FIGS. 23 and 24 are flowcharts illustrating the flow of the
compressed long-term predicted ephemeris creating process.

First, the CPU 310 determines the prediction periods on the
basis of the creation time (current time) of the compressed
long-term predicted ephemeris (step B1). Then, the CPU 310
performs the processes of loop A on the respective GPS
satellites (steps B3 to B19). In the processes of loop A, the
CPU 310 performs the processes of loop B for the prediction
periods determined 1n step B1 (steps BS to B17).

In the processes of loop B, the CPU 310 reads the predicted
positions of the corresponding GPS satellite SV at the times
(the times with an 1nterval of 15 minutes stored in the pre-
dicted satellite calendars 352 and included 1n the correspond-
ing prediction period) of the corresponding prediction period
tor the corresponding GPS satellite from the latest predicted

satellite calendar 352 stored in the predicted satellite calendar

database 351 of the hard disk 350 (step B7).

Then, the CPU 310 calculates the predicted orbit of the
corresponding GPS satellite SV 1n the prediction period using
the predicted positions read 1n step B7 and Kepler’s elliptical
orbit model, and acquires the values of Kepler’s satellite orbit
parameters (step BY).

Thereatter, the CPU 310 reads the predicted clock error of
the corresponding GPS satellite at the times of the corre-
sponding prediction period from the latest predicted satellite
calendar 352 (step B11). Then, the CPU 310 acquires the
values of the clock correcting parameters of the GPS satellite
in the corresponding prediction period using the read pre-
dicted clock error (step B13).

The predicted clock error “At” at the time “t” can be

approximated by Expression (1) using the reference time *t
of the satellite clock, the offset “a,” of the satellite clock, the
drift “a,” of the satellite clock, and the dnift “a,” of the
satellite clock frequency, which are the clock correcting

parameters.

At=ag+a,(t-1)+a-(1-1,)?

(1)

Expression (1) 1s a clock error model expression for
approximating a temporal varnation of the predicted clock
error. By performing the approximate calculation, for
example, by the use of the least square method using the
predicted clock errors “At” at the times included 1n the pre-
dicted satellite calendar 352 as sampling data, the values of
the clock correcting parameters can be calculated.

The CPU 310 determines the values of the reliability
parameters (the predicted orbit reliability and the health 1infor-
mation) of the GPS satellite in the corresponding prediction
period (step B15). Then, the CPU 310 performs the processes
on the next prediction period. After performing the processes
of steps B7 to B15 on all the prediction periods, the CPU 310
ends the processes of loop B (step B17).

After ending the processes of loop B, the CPU 310 per-
forms the processes on the next GPS satellite. After perform-
ing the processes of steps BS to B17 on all the GPS satellites,
the CPU 310 ends the processes of loop A (step B19).

Then, the CPU 310 performs the processes of loop C on the
GPS satellites (steps B21 to B33). In the processes of loop C,
the CPU 310 performs the processes of loop D on the param-
eters such as the satellite orbit parameter, the clock correcting
parameter, and the reliability parameter (steps B23 to B31).

In the processes of loop D, the CPU 310 creates the time-
series data of the corresponding parameter value of the cor-

responding GPS satellite (step B25). Then, the CPU 310
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determines the temporal variation pattern 3431 of the corre-
sponding parameter value using the created time-series data
(step B27).

The CPU 310 calculates the compressed parameter value
of the corresponding parameter of the corresponding GPS
satellite using the compression method 3433 correlated to the
temporal variation pattern 3431 determined 1n step B27 in the
prediction periods with reference to the compression method
data 343 stored in the ROM 340 (step B29). Then, the CPU
310 performs the processes on the next parameter.

After performing the processes of step B25 to B29 on all
the parameters, the CPU 310 ends the process of loop D (step
331). Then, the CPU 310 creates the compressed predicted
ephemeris 3547 including the compressed parameter values
of all the parameters 1n all the prediction periods for the
corresponding GPS satellite (step B33). The CPU 310 per-
forms the processes on the next GPS satellite.

After performing the processes of steps B23 to B33 on all
the GPS satellites, the CPU 310 ends the processes of loop C
(step B35). Thereafter, the CPU 310 creates the temporal
variation pattern data 3545 for the parameters of the GPS
satellites on the basis of the temporal variation pattern deter-
mined 1n step B27 (step B37).

The CPU 310 creates the compressed long-term predicted
ephemeris data 354, in which the creation times 3541, the
prediction period lengths 3543, the temporal variation pattern
data 3545 created 1n step B37, and the compressed predicted
ephemeris 3547 created 1n step B33 for all the GPS satellites
are correlated with each other, and cumulatively stores the
created compressed long-term ephemeris data 1in the com-
pressed long-term predicted ephemeris database 353 of the
hard disk 350 (step B39). The CPU 310 ends the compressed
long-term predicted ephemeris creating process.

Returning to the compressed long-term predicted ephem-
er1s providing process shown i FIG. 22 again, after perform-
ing the compressed long-term predicted ephemeris creating
process 1n step A9, the CPU 310 repeats the compressed
long-term predicted ephemeris creating process while chang-
ing the prediction period length (steps A1l to A17). Specifi-
cally, the compressed long-term predicted ephemeris creating
process 1s performed (steps A13 and A17) while sequentially
setting the prediction period length to 6 hours and 8 hours
(steps A1l and A15). That1s, the plural compressed long-term
predicted ephemeris having different prediction period
lengths are created and stored.

Then, the CPU 310 determines whether a request signal for
the compressed long-term predicted ephemeris 1s received
from the mobile phone 4 (step A19). When it 1s determined
that the request signal 1s not received (NO 1n step A19), the
process of step Al 1s repeated.

When 1t 1s determined that the request signal 1s received
(YES 1n step A19), the CPU 310 determines the prediction
period length included 1n the request signal (step A21). Then,
the CPU 310 transmits the compressed long-term predicted
ephemeris data 354 of the prediction period length deter-
mined 1n step A21, out of the newest compressed long-term
predicted ephemeris data 354 stored 1n the compressed long-
term predicted ephemeris database 353 of the hard disk 350,
to the mobile phone 4 as the request source (step A23). There-
aiter, the CPU 310 repeats the process of step Al.

4. Mobile Phone

4-1. Functional Configuration

FI1G. 25 15 a block diagram 1llustrating the functional con-
figuration of the mobile phone 4. The mobile phone 4
includes a GPS antenna 405, a GPS receiving unit 410, a host
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CPU 420, an operation unit 430, a display unit 440, a mobile-
phone antenna 450, a mobile-phone wireless communication
circuit 460, a ROM 470, a flash ROM 480, and a RAM 490.

The GPS antenna 403 1s an antenna recetving RF (Radio
Frequency) signals including the GPS satellite signals trans-
mitted from the GPS satellites SV and outputs the received
signals to the GPS recerving umt 410. The GPS satellite
signals are communication signals of 1.57542 [GHz] modu-

lated with PRN (Pseudo Random Noise) codes which are a

kind of spread code which differs for each satellite using a
direct spectrum spread method. The PRN codes are pseudo
random noise codes with a repetition period of 1 ms having a
tip with a code length of 1023 as one PN frame.

The GPS recerving unit 410 1s a position calculating circuit
calculating a position on the basis of the signals output from
the GPS antenna 405 and 1s a functional block corresponding
to a so-called GPS recerwver. The GPS recerving umt 410
includes an RF (Radio Frequency) receiving circuit 411 and a
base-band processing circuit 413. The RF receiving circuit
411 and the base-band processing circuit 413 may be manu-
factured as different LSI (Large Scale Integration) chips or
may be manufactured as one chip.

The RF receiving circuit 411 1s a circuit block processing,
an RF signal and creates an oscillation signal for RF signal
multiplication by dividing or multiplying a predetermined
local oscillation signal. The RF receiving circuit down-con-
verts the RF signal into an intermediate frequency signal
(hereinafter, referred to as “IF (Intermediate Frequency) sig-
nal”) by multiplying the created oscillation signal by the RF
signal output from the GPS antenna 405. Then, the RF recerv-
ing circuit amplifies the IF signal, then converts the amplified
IF signal into a digital signal with an AD (Analog-Digital)
converter, and outputs the digital signal to the base-band
processing circuit 413.

The base-band processing circuit 413 1s a circuit unit cap-
turing and extracting the GPS satellite signals by performing
a correlation process or the like on the IF signal output from

the RF receiving circuit 411. The base-band processing cir-
cuit 413 includes a CPU 415 as a processor and a ROM 417

and a RAM 419 as a memory. The CPU 415 captures and
extracts the GPS satellite signal using the complete long-term
predicted ephemeris acquired by allowing the host CPU 420
to decompress the compressed long-term predicted ephem-
Cr1s.

The host CPU 420 1s a processor comprehensively control-
ling the units of the mobile phones 4 on the basis of various
programs such as a position calculating program or a system
program stored 1n the ROM 470. The host CPU 420 decodes
data from the GPS satellite signal captured and extracted by
the base-band processing circuit 413, extracts navigation
messages or time mformation, and performs a position cal-
culating operation. The host CPU creates a navigation picture
in which the GPS calculated positions acquired by the posi-
tion calculating operation are plotted and displays the created
navigation picture on the display unit 440.

The operation unit 430 1s an 1put device including, for
example, a touch panel or a button switch and outputs a signal
corresponding to a pushed icon or button to the host CPU 420.
Various instructions such as a communication request, a mail
transmitting and recerving request, and a GPS start request
are mput by operating the operation unit 430.

The display unit 440 1s a display device including an LCD
(Liquid Crystal Display) and displaying various data based on
display signals mnput from the host CPU 420. The navigation
picture or the time mnformation is displayed on the display unit
440.
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The mobile-phone antenna 450 1s an antenna transmitting,
and recerving a mobile-phone wireless signal to and from a
wireless base station installed by a communication service
provider of the mobile phone 4.

The mobile-phone wireless communication circuit 460isa >
communication circuit unit ol a mobile phone 1including an
RF conversion circuit and a base-band processing circuit and
transmits and receives communication or mail by modulating
and demodulating the mobile-phone wireless signal.

The ROM 470 1s a read-only nonvolatile memory device
and stores various data or programs such as a system program
allowing the host CPU 420 to control the mobile phone 4, a
position calculating program for performing the position cal-
culating operation, and a navigation program for performing
a navigation function.

The tlash ROM 480 1s a readable and writable nonvolatile
memory device and stores various programs or data for allow-
ing the host CPU 420 to control the mobile phone 4, similarly
to the ROM 470. The data stored 1n the flash ROM 480 1s not 20
deleted even when the mobile phone 4 1s turned of

The RAM 490 15 a readable and writable Vola’[lle memory
device and serves as a work area temporarily storing various
programs such as the system program and the position calcu-
lating program executed by the host CPU 420, data in process 25
ol various processes, and process results.

4-2. Data Structure

FIG. 26 15 a diagram 1llustrating an example of data stored
in the ROM 470. The ROM 470 stores a main program 471
read and executed as a main process (see FI1G. 29) by the host
CPU 420 and the compression method data 343. The main
program 471 includes a TTFF calculation speedup program
4711 executed 1mn a TTFF calculation speedup process (see
FIG. 30) as a sub routine.

The main process 1s pertormed by the host CPU 420 and
includes a process of calculating a position of the mobile
phone 4 and a process of speeding up the TTFF calculation
alter turming on the mobile phone 4, 1n addition to the pro-
cesses of transmitting and receiving communication or mail 4
which 1s the inherent function of the mobile phone 4. The
main process will be described later in detail with reference to
a flowchart.

The TTFF calculation speedup process 1s a process of
reconstructing the complete long-term predicted ephemeris 45
data 481 by allowing the host CPU 420 to transmit a request
signal for the compressed long-term predicted ephemeris data
354 to the server system 3 and to decompress the compressed
long-term predicted ephemeris data 354 received from the
server system 3. Accordingly, in the TTFF calculation, that 50
cnables to capture the GPS satellites SV using the recon-
structed complete long-term predicted ephemeris data 481,
thereby speeding up the TTFF calculation. The TTFF calcu-
lating speedup process will be described later 1n detail with

reference to a tlowchart. 55
FIG. 27 1s a diagram of an example of data stored 1n the
flash ROM 480. The flash ROM 480 stores the compressed
long-term predicted ephemeris data 354 recerved from the
server system 3 and the complete long-term predicted ephem-
eris data 481 acquired by decompressing the compressed 60
long-term predicted ephemeris data 354. The complete long-
term predicted ephemeris data 481 1s data including the
parameter values of the satellite orbit parameters, the clock
correcting parameters, and the reliability parameters of all the
GPS satellites SV 1n all the prediction periods. 65
FI1G. 28 1s a diagram 1llustrating an example of data stored

in the RAM 490. The RAM 490 stores the GPS calculated
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positions 491 acquired by the position calculating process.
The GPS calculated positions 491 are updated by the host
CPU 420 1n the main process.
4-3. Flow of Processes

FIG. 29 1s a flowchart illustrating the flow of the main
process performed on the mobile phone 4 by allowing the host

CPU 420 to read and execute the main program 471 stored 1n
the ROM 470.

The main process 1s started when the host CPU 420 detects
that a user turns on the mobile phone through the operation
unit 430. Although not particularly stated, it 1s assumed dur-
ing carrying out the main process that the RF signal is
received by the GPS antenna 405 or the RF signal 1s down-
converted into the IF signal by the RF recerving circuit 411
and the signals are output to the IF signal base-band process-
ing circuit 413 at any time.

First, the host CPU 420 determines an instructing operation
from the operation unit 430 (step C1). When 1t 1s determined
that the 1nstructing operation 1s a call 1nstructing operation
(call mstructing operation in step C1), the host CPU performs
a call process (step C3). Specifically, the host CPU controls
the mobile-phone wireless communication circuit 460 to
communicate with a wireless base station, thereby making a
call communication between the mobile phone 4 and another
mobile phone.

When 1t 1s determined in step C1 that the mstructing opera-
tion 1s a mail transmission and reception instructing operation
(mail transmission and reception instructing operation in step
C1), the host CPU 420 performs a mail transmitting and
receiving process (step C5). Specifically, the host CPU con-
trols the mobile-phone wireless communication circuit 460 to
communicate with the base station, thereby making transmis-
s1on and reception of mail between the mobile phone 4 and
another mobile phone.

When it 1s determined 1n step C1 that the instructing opera-
tion 1s a position calculation istructing operation (position
calculation 1nstructing operation 1n step C1), the host CPU
420 performs a position calculating process by reading and
executing the position calculating program from the ROM
470 (step C7).

Specifically, the host CPU 420 controls the CPU 415 of the
base-band processing circuit 413 to capture and extract the
GPS satellite signal using the complete long-term predicted
ephemeris data 481 stored 1n the flash ROM 480. Then, the
host CPU performs a predetermined position calculating
operation using the GPS satellite signal captured and
extracted by the CPU 4135. The position calculating operation
may employ any known method such as a least square method
or a position calculating operation using a Kalman filter. The
host CPU 420 stores the GPS calculated position 491
acquired by the position calculating operation 1n the RAM
490.

When 1t 1s determined in step C1 that the mstructing opera-
tion 1s a TTFF calculation speedup instructing operation
(I'TFF calculation speedup instructing operation in step C1),
the host CPU 420 performs the TTFF calculation speedup
process by reading and executing the TTFF calculation
speedup program 4711 stored 1n the ROM 470 (step C9).

FIG. 30 1s a flowchart illustrating the flow of the TTFF
calculation speedup process.

First, the host CPU 420 determines the communication
status with the server system 3 (step D1). Then, the host CPU
420 determines the prediction period length of the com-
pressed long-term predicted ephemeris data requested for the
server system 3 on the basis of the determined communica-
tion status (step D3).
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As the prediction period length 1s shorter, the number of the
prediction period increases the number of compressed param-

cter values included 1n the compressed long-term predicted
ephemeris increases and thus the amount of data of the com-
pressed long-term predicted ephemeris also increases. When
the communication status with the server system 3 1s excel-
lent, the great amount of data of the compressed long-term
predicted ephemeris does not influence the receiving of data
and thus the compressed long-term predicted ephemeris hav-
ing a small prediction period length can be requested for the
server system 3. On the contrary, when the communication
status with the server system 3 1s poor, 1t 1s preferable that the
amount of data of the compressed long-term predicted
ephemeris 1s small and thus the compressed long-term pre-
dicted ephemeris having a great prediction period length 1s
requested for the server system 3.

Thereatfter, the host CPU 420 transmits the request signal
for the compressed long-term predicted ephemeris data to the
server system 3 along with the prediction period length deter-
mined 1n step D3 (step D3). Then, the host CPU 420 recerves
the compressed long-term predicted ephemeris data 354 from
the server system 3 and updates and stores the received data in
the flash ROM 480 (step D7).

The host CPU 420 reconstructs the complete long-term
predicted ephemeris data 481 by decompressing the com-
pressed long-term predicted ephemeris (steps D9 to D13).
First, the host CPU determines the temporal variation patterns
3431 of the parameters of the GPS satellites with reference to
the temporal variation pattern data 3545 included 1n the com-
pressed long-term predicted ephemeris data 354 recerved in
step D7 (step D9).

The host CPU 420 calculates the parameter values from the
compressed parameter values of the parameters of the GPS
satellites on the basis of the compression methods 3433 cor-
related with the temporal variation patterns 3431 determined
in step D9 with reference to the compression method data 343
stored 1n the ROM 470 (step D11).

Then, the host CPU 420 creates the complete long-term
predicted ephemeris data 481 including the parameter values
calculated 1n the prediction periods of the GPS satellites SV
and updates and stores the created data 1n the flash ROM 480
(step D13). The host CPU 420 ends the TTFF calculation
speedup process.

After performing any one process of steps C3 to C9 1n the
main process shown in FIG. 29 again, the host CPU 420
determines whether the user performs the power-oif instruct-
ing operation with the operation unit 430 (step C11). When 1t
1s determined that the power-oil 1nstructing operation 1s not
performed (NO 1n step C11), the process of step C1 1s
repeated. When 1t 1s determined that the power-oil instructing,

operation 1s performed (YES 1n step C11), the main process 1s
ended.

5. Operational Advantage

In the position calculating system 1, the server system 3
creates the long-term predicted ephemeris which 1s the
ephemeris valid for a long term using the predicted satellite
calendars acquired from the external system 2. At this time,
the server system 3 determines the compression method of the
parameters 1n the satellite orbit model expression, the param-
cters 1n the clock error model expression, and the parameters
indicating the satellite orbit reliability on the basis of the
temporal variations ol the parameter values thereof. The
server system 3 reduces the bit sequences representing the
parameter values of the parameters using the determined
compression methods to calculate the compressed parameter
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values and provides the compressed parameter values as the
compressed long-term predicted ephemeris to the mobile

phone 4 along with the identification information of the com-
pression methods of the parameter values.

Since the temporal variation patterns of the plural param-
cter values and the compression methods suitable for the
temporal variation patterns are determined in advance, that
enables to properly reduce the bit sequences of the parameters
by selecting the compression methods corresponding to the
temporal variation patterns suitable for the temporal varia-
tions of the parameter values and performing the compression
operation, thereby effectively reducing the amount of data of
the long-term predicted ephemeris.

The mobile phone 4 acquires the original long-term pre-
dicted ephemeris by receiving the compressed long-term pre-
dicted ephemeris from the server system 3 and decompress-
ing the compressed parameter values included in the recerved
compressed long-term predicted ephemeris into the original
parameter values using the compression methods included in
the compressed long-term predicted ephemeris. The mobile
phone 4 calculates the position of the mobile phone 4 by
performing a predetermined position calculating operation
using the acquired long-term predicted ephemeris.

Since the server system 3 provides the compressed long-
term predicted ephemeris to the mobile phone 4 along with
the 1dentification information of the compression methods,
the mobile phone 4 decompressing the compressed long-term
predicted ephemeris can see the compression methods used to
create the compressed parameter values and can thus recon-
struct the parameter values without error.

6. Modified Example

6-1. Position Calculating System

Although the position calculating system 1 including the
server system 3 and the mobile phone 4 has been exemplified
in the above-mentioned embodiments, the invention is not
limited to the position calculating system. For example, the
invention may be applied to electronic apparatuses such as a
notebook personal computer, a PDA (Personal Digital Assis-
tant), and a car navigation apparatus having a position calcu-
lating device, instead of the mobile phone 4.

Although the server system 3 has been exemplified as a
type of data compressing apparatus in the above-mentioned
embodiments, the data compressing apparatus 1s not limited
to the server system. For example, a general-purpose PC and
the like may be employed.

6-2. Satellite Position Calculating System

Although the GPS has been exemplified as the satellite

position calculating system 1n the above-mentioned embodi-

ments, other satellite position calculating systems such as
WAAS (Wide Area Augmentation System), QZSS (Quasi

Zenith Satellite System), GLONASS (GLObal NAvigation
Satellite System), and GALILEO may be employed.
6-3. Division of Processes

A part or all of the processes performed by the host CPU
420 may be performed by the CPU 415. For example, the
CPU 415 requests the server system 3 for the compressed
long-term predicted ephemeris, decompresses the acquired
compressed long-term predicted ephemeris to create the com-
plete long-term predicted ephemeris, and captures and
extracts the GPS satellite signals. Instead of the host CPU
420, the CPU 415 may perform the position calculating
operation.
6-4. Compression-Method Fixed Parameter

In the above-mentioned embodiments, 1t has been stated
that 1t 1s determined what temporal varniation patterns the
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temporal variations of all the parameter values are suitable for
and then the compression methods are selected. However,
fixed compression methods may be used for fixed temporal
variation patterns suitable for the parameters of which the
temporal variation tendencies are almost constant regardless
of the difference 1n predicted satellite calendar, the difference
in prediction period length, and the difference 1n GPS satel-
lite.

Specifically, the mventors found out that the temporal
variation tendencies of four parameters of the mean anomaly
“M,” and the right ascension of an ascending node “€2,”
which are the satellite orbit parameters and the predicted orbit
reliability and the health information which are the reliability
parameters are substantially constant. Therefore, these
parameters are parameters (hereinafter, referred to as “com-
pression-method fixed parameter”) of which the compression
methods may be fixed and the compressed parameter values
thereol may be calculated using the compression methods
specific to the parameters.

FI1G. 311s a flowchart illustrating a part, which corresponds
to the compressed long-term predicted ephemeris creating,
process shown 1n FIG. 24, of a second compressed long-term
predicted ephemeris creating process performed by the CPU
310 of the server system 3. The same steps as the compressed
long-term predicted ephemeris creating process are refer-
enced by the same reference numerals and signs and the
description thereof 1s omitted. Only the part which ditfers
from the compressed long-term predicted ephemeris creating
process will be described.

The CPU 310 determines whether the parameter 1s a com-
pression-method fixed parameter 1n the processes of loop D
(step E24). When 1t 1s determined that the parameter 1s a
compression-method fixed parameter (YES 1n step E24), the
CPU calculates the compressed parameter value of the com-
pression-method fixed parameter of the corresponding GPS
satellite using the compression method correlated with the
compression-method fixed parameter in the prediction peri-
ods (step E30). Then, the CPU 310 performs the processes on
the next parameter.

When 1t 1s determined 1n step E24 that the parameter 1s not
a compression-method fixed parameter (NO 1n step E24), the
CPU 310 performs the process of step B25.

6-5. Satellite Orbit Approximate Model

Although i1t has been stated in the above-mentioned
embodiments that Kepler’s elliptical orbit model 1s used to
calculate the satellite orbit of a GPS satellite, Lagrange, Nev-
ille, or Spline approximate models may be used to calculate
the satellite orbit. That 1s, by calculating interpolation poly-
nomial expressions for the GPS satellites using interpolation
techniques such as Lagrange, Neville, or Spline methods and
using the predicted positions stored in the predicted satellite
calendars as sampling points, the satellite orbits of the GPS
satellites are approximated to calculate the values of the sat-
cllite orbit parameters. Then, the compressed long-term pre-
dicted ephemeris 1s created which 1s obtained by compressing
the values of the satellite orbit parameters.

6-6. Creation Period

Although i1t has been stated in the above-mentioned
embodiments that the long-term predicted ephemeris 1s cre-
ated using the period in one week after the creation time of the
long-term predicted ephemeris as the creation period, the
creation period may be a period (for example, two weeks)
longer than one week or may be a period ({or example, three
days) shorter than one week. The ephemeris transmitted from
the GPS satellites SV generally has the available period of
about 4 hours, but the long-term predicted ephemeris can
have the available period longer than that of the ephemeris
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transmitted from the GPS satellites SV. For example, 1t 1s
preferable that the available period 1s one day or more.
6-"7. Determination of Prediction Period Length

Although 1t has been stated in the above-mentioned
embodiments that the mobile phone 4 determines the
requested prediction period length of the compressed long-
term ephemeris depending on the communication status with
the server system 3, the requested prediction period length
may be made for the user of the mobile phone 4 to input and
the compressed long-term predicted ephemeris with the input
prediction period length may be requested for the server
system 3.

What 1s claimed 1s:
1. A satellite orbit data compression method comprising:
determiming a first compression method of a first set of
values for a parameter 1n a first time period based on a
first variation tendency of the first set of values 1n the first
time period;
compressing the first set of values using the first compres-
sion method:
determining a second compression method of a second set
of values for the parameter 1n a second time period based
on a second vaniation tendency of the second set of
values 1n the second time period, the second time period
being longer than the first time period, the second varia-
tion tendency being different from the first variation
tendency; and
compressing the second set of values using the second
compression method.
2. The satellite orbit data compression method according to
claim 1, further comprising
predetermining a plurality of methods for a plurality of
variation tendencies, respectively,
the determining of the first compression method including
selecting first one of the predetermined methods corre-
sponding to the first variation tendency of the first set of
values 1n the first time period, and
the determining of the second compression method includ-
ing selecting second one of the predetermined methods
corresponding to the second variation tendency of the
second set of values 1n the second time period.
3. The satellite orbit data compression method according to
claim 1, further comprising
employing a predetermined compression method for a cer-
tain parameter, the predetermined compression method
being suitable for the certain parameter.
4. The satellite orbit data compression method according to
claim 1, wherein
the first and second compression methods are predeter-
mined lossless compression methods, respectively.
5. A satellite orbit data compression method comprising:
determining a first compression method of a first set of
values for a parameter 1n a first time period based on a
first variation tendency of the first set of values 1n the first
time period;
compressing the first set of values using the first compres-
sion method:
determining a second compression method of a second set
of values for the parameter 1n a second time period based
on a second vanation tendency of the second set of
values 1n the second time period, the second time period
being longer than the first time period, the second varia-
tion tendency being different from the first variation
tendency;
compressing the second set of values using the second
compression method; and
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providing long-term predicted ephemeris having one of the
first and second sets of values that has been compressed
to a position calculating device along with identification
information of respective one of the first and second
compression method for the parameter. 5

6. A satellite orbit data compressing device comprising:

a determination unit configured to determine a first com-
pression method of a first set of values for a parameter in
a first time period based on a first variation tendency of
the first set of values 1n the first time period, the deter- 10
mination unit being further configured to determine a
second compression method of a second set of values for
the parameter 1n a second time period based on a second
variation tendency of the second set of values in the
second time period, the second time period being longer 15
than the first time period, the second variation tendency
being different from the first varnation tendency; and

a calculation unit configured to compress the first set of
values using the first compression method, the calcula-
tion umt being further configured to compress the sec- 20
ond set of values using the second compression method.
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